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Abstract
The dynamical history of the Milky Way is complicated. We see a lot of sub-
structure (that is likely accreted), both in spatial density, and in kinematics. The
complexity varies, from simple streams to phase-mixed structures that can only
be separated by invariants such as stellar chemistry. To complicate things further,
the Galaxy has non-axisymmetric structures such as the bar and multiple spiral
arms. Due to their large scale-lengths, the kinematic signatures of such features
often overlap, making it difficult to relate to one culprit or another. With the aid
of high precision spectroscopy and astrometry, combined with dynamical mod-
elling, we can make an attempt at understanding the various underlying causes
of non-axisymmetric motions in the Galaxy.
In this thesis, we adopt this multi-pronged approach that combines predictive
models with high precision data. We explore the signatures of non-axisymmetry
on both the local and global phase-space in the Galaxy. In the first part, we use
kinematical modelling to quantify bulk motion in the line-of-sight velocity field
of the disc, and place limits on the derived amplitudes accounting for systemat-
ics/limitations in the data. In the second part, we reveal new global phase-space
structure in the Galaxy, and study it in the context of the perturbative effects of
both internal (bar/spiral structure) and external (satellite galaxies) sources. Our
findings suggest that the nature of spiral arms in our Galaxy might be transient.
xiii
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Chapter 1
Introduction
1.1 Galactic Archaeology
The goal of Galactic Archaeology (Freeman & Bland-Hawthorn, 2002) is to recre-
ate the formation history of the Milky Way from its present day kinematics and
chemistry. It relies on the fundamental assumptions that the dynamics of for-
mation is recorded in the phase-space structure of stellar populations , and that
stellar atmospheres preserve the chemical imprint of their birth cloud for most
of their lifetime. Furthermore, by studying the stars in the Milky Way in detail,
we can hope to uncover galaxy formation processes for distant galaxies where
individual stars cannot be resolved. For example, studying the low mass stars in
the Galaxy offers a complimentary approach to study the high redshift galaxies.
This is because, low mass stars of masses similar to or less than the Sun have
lifetimes of the order of 10 Gyr years, corresponding to lookback times of redshift
2 or greater.
For the Galaxy, the hope is to be able to describe the observed number density
of stars as a function of stellar properties such as position (r), velocity (v), age (τ),
chemical abundance ([M/H]) and stellar mass (m), and thus construct distribution
functions for each component j of the Galaxy, i.e.,
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Figure 1.1: A schematic evolution of chemical enrichment in the Galaxy, illustrat-
ing the role of SNe Type II and SNe Type Ia at early and later times respectively.
The [α/Fe] plateau at early times is set by the IMF, while the ‘knee’ in this
diagram depends on the star formation history. Figure taken from Wyse (2016).
fj = fj(r,v, τ, [M/H],m). (1.1)
Here, [M/H] = [Fe/H] + log10(0.694fα + 0.306) , with, the fraction of alpha
elements (O, Mg, Si, Ca, S and Ti), given by fα = 10
[α/Fe] (Salaris & Cassisi,
2005).
Stellar mass is an approximately invariant quantity, but is extremely hard to
measure (especially for the Giant stars). However, stellar chemistry is perhaps
the best time invariant available to us. Elemental abundances provide us with a
unique insight into the star formation history, particularly, into the various chan-
nels through which, and timescales over which different elements are produced
(see Figure 1.1). The alpha elements are produced in core-collapse supernovae
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SNe Type II, at the end of short-lived (≈ 107 yrs) massive stars (> 8M). The
central regions of such stars collapse into a black-hole or Neutron star, while
ejecting the outer gas shell which contains alpha elements, into the interstellar
medium (ISM). The amount of ejected gas depends on the mass of the progenitor
(Wyse & Gilmore, 1992). The explosion also leads to rapid nucleosynthesis of
Si into small amounts of Fe in the shocked gas. Over time, the amount of Fe in
the ISM increases, however, at early times, since SNe Type II is the only forma-
tion channel for alpha elements and Fe, the ratio [α/Fe] remains constant. The
constant value of this ratio is dictated by the Initial Mass Function (IMF), i.e.,
the more massive stars there are, the higher the [α/Fe] ratio will be (Wyse &
Gilmore, 1992).
After about 1 Gyr, low mass stars (≈3 M) have had enough time to evolve
into (Carbon/Oxygen) white dwarfs. In this phase, if there is a close companion,
the white dwarf can tidally accrete gas from it’s companion’s envelope until it
reaches the Chandrashekhar limit of 4 M. Upon exceeding this limit, the white
dwarf becomes unstable and explodes as a SNe Type Ia. This is the second major
chemical enrichment channel. The C and O is turned into iron-peak elements
which eventually decay to Fe. The explosive nucleosynthesis of these events can
eject up to ten times the Fe ejected by SNe Type II and only trace amounts of
alpha elements. As a result, the [α/Fe] ratio drops. The onset of this downturn,
also known as the ‘knee’ is indicated on Figure 1.1, and depends on the past star
formation history (Gilmore & Wyse, 1991). If all stars were created in a single
burst, then a lot of massive stars can explode in the initial years, such that the
ISM is well enriched in [Fe/H] before SNe Type Ia are triggered. On the other
hand, if star formation occurs over a long period, then the initial SNe Type II
will only enrich the ISM to moderate levels before SNe Type Ia go off.
Thus, the star formation history is encoded in the elemental abundances.
Broadly speaking, stars that form during the early stages of star-formation, will
form from gas that is alpha-enhanced and hence will have high alpha abundances,
3
as this stage is dominated by SNe Type II. Since, elemental abundances are easier
to derive than estimating stellar ages, they are widely used as a proxy for age (see
subsubsection 4.4.1.2), although the relation is known to have significant scatter
(Casagrande et al., 2011).
1.2 Probes of Galactic structure and dynamics
In order to construct distribution functions such as in equation 1.1, we need to
accurately measure positions, velocity and chemical abundances for stars. The
Milky Way offers us a unique laboratory where we can resolve billions of stars in-
dividually and measure the 3D motion and stellar properties with high precision.
Over the past few decades, this has been achieved for a large set of stars through a
multi-pronged approach, combining ground and space based, photometric, spec-
troscopic as well as astrometric surveys. By splitting light from individual stars
into the full wavelength spectrum, it is possible to derive the line-of-sight velocity
(Vlos), interchangeably called the heliocentric radial velocity. Upto the year 2002,
only about 50,000 stars with radial velocities were available on the Strasbourg
astronomical Data Center (CDS). The sample size has now increased by nearly
two orders of magnitude. Furthermore, theoretical models of stellar atmospheres
can predict the strength of absorption lines in spectra, which in turn are sensi-
tive to stellar labels i.e., Teff-effective surface temperature, log g-surface gravity,
and [Fe/H]-metallicity. In the following, I summarise the characteristics of a few
major surveys relevant to this thesis:
1.2.1 Astrometric surveys
Astrometry provides positions (α, δ), parallax ($), and proper motion (µα, µδ)
measurements. Combined with radial velocities (Vlos) from spectroscopy, allows
us to probe the 6D phase-space for stars. There has been a long history of astro-
metric measurements over the course of centuries of astronomy. The progression
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Figure 1.2: Evolution of astrometric accuracy over the past 2000 years. Space
based missions have made available parallax measurements down to micro-
arcseconds for millions of stars. Figure taken from Høg (2011).
in accuracy/precision as well as volume coverage is illustrated in Figure 1.2.
There have been two space based astrometric surveys conducted by the Euro-
pean Space Agency (ESA). The High Precision Parallax Collecting Satellite (Hip-
parcos, Perryman et al., 1997) was the first space-based astrometric survey that
provided estimates for more than 100,000 stars in the Solar neighbourhood, i.e.,
within a heliocentric distance of 200 pc. The typical parallax and proper motion
precision of the instrument was around 1 milli-arcsecond level (σ$ ≈ 0.97mas,
σµ ≈ 0.8 mas yr−1). Additionally, the star mapper instrument aboard Hipparcos
gave positions and magnitudes for about 1 million stars resulting in the Tycho-1
catalogue, and a later catalogue of about 2.5 million stars, Tycho-2, that included
proper motions with comparison to old photographic plates (Høg et al., 2000).
The second space-based mission is currently underway with the Gaia (Perry-
man et al., 2001) satellite, launched in December 2013. The telescope observes
over a billion stars while continuously scanning the sky. By the nominal end-of-
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Table 1.1: Summary of the major spectroscopic surveys in the 21st century. Ongoing
surveys are marked with an asterisk.
Survey Spectral range Magnitude No. of stars Resolution (Rs) σV los
[A˚] [λ/δλ] [km s−1]
RAVE 8410 - 8795 (NIR) 9 < I < 12 5 × 105 7500 1.5
∗APOGEE (Abolfathi et al., 2018) 15000 - 17000 (IR) 11 < H < 14 2 × 105 22500 0.1
∗GALAH 4718 - 7890 (V) 11 < V < 14 5 × 105 28000 0.1
∗LAMOST 3700 - 9000 (V/NIR) r < 19 2 × 106 1800 7
Gaia-ESO 3000 - 11000 (NUV/NIR) V < 19 1 × 105 5000-47000 0.3
Gaia DR2 RVS 8410 - 8795 (NIR) G < 17 7 × 106 11500 2
mission in 2022, Gaia will have observed each star about 70 times, which will
result in precision down to the micro-arcsecond level 5-25 µas. As of 2019, there
have been two public data releases from the survey: 1) Tycho-Gaia astrometric
solution (TGAS) is the cross-match of the Tycho-2 and the Gaia catalogue, for
which a reliable 5-parameter astrometric solution (α, δ,$, µα, µδ) was released
by Gaia Collaboration et al. (2016); 2) In April 2018, Gaia Collaboration et al.
(2018a) released a 5-parameter solution for 1.3 billion sources, and in addition
also provided a smaller subset of about 7 million stars (G < 12) with radial ve-
locity measurements carried out on the onboard RVS spectrometer. Although,
the parallax and proper motion precision is unprecedented, the uncertainty in
the radial velocity is higher than most spectroscopic surveys, at the km s−1 level
(Gaia Collaboration et al., 2018b). Nevertheless, Gaia DR2 provides an invalu-
able dataset, covering a large volume and providing 6D phase-space information
like never before.
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1.2.2 Large scale Spectroscopic surveys
Table 1.1 summarises the basic characteristics of the leading spectroscopic surveys
since the mid 2000’s. The surveys covered a spectral range from the Infrared (IR),
Near Infrared (NIR), Visible to the Near UltraViolet (NUV). The wide spectral
range has allowed studies of different regions of the Galaxy. For instance, longer
wavelengths are well suited to probing high extinction zones such as through the
Milky Way disc and in the direction of the Galactic center. The individual surveys
also vary in the spectral resolution (Rs = λ/δλ) provided by their spectrographs,
ranging between 2 × 103 < Rs < 5 × 104 in order of magnitude. While high
resolution provides high precision in the stellar parameters, low resolution surveys
are useful for enchancing the sample size, and thus improving statistics, at the
cost of lower precision in parameters.
RAVE (RAdial Velocity Experiment) was the first large systematic spectro-
scopic Galactic Archaeology survey. It was conducted between 2003-2013 on the
1.2m UK Schmidt Telescope at the Australian Astronomical Observatory (AAO).
The survey had a large overlap with TGAS(≈ 50 %), and so the main goal of the
survey was to measure radial velocities for bright stars in the solar neighbour-
hood. The survey has had 5 data releases till date with DR5 (Kunder et al., 2017;
McMillan et al., 2018) containing radial velocities, bayesian distances and stellar
parameters for the full sample of 457,000 stars. A final data release with improve-
ments using Gaia DR2 parallaxes is scheduled for late 2019 (Georges Kordopatis,
private communication).
The Apache Point Observatory Galactic Evolution Experiment (APOGEE,
Majewski et al., 2016) is a high signal-to-noise ratio (SNR>100 pixel−1), high
resolution (Rs ≈ 22, 500) spectroscopic survey of over 250,000 stars in the Milky
Way, observed in the near infrared H band (1.5 − 1.7µm). The first phase,
APOGEE-1(Holtzman et al., 2015), observed 150,000 stars in the Northern hemi-
sphere on the 2.5m Sloan Foundation Telescope at Apache point Observatory
(Gunn et al., 2006). The second phase, APOGEE-2 includes observations in the
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Southern hemisphere at the 2.5m du Pont telescope at Las Campanas Obser-
vatory. The targeting of the survey (Zasowski et al., 2013), allows for selection
of a large sample of red giant stars, which makes it a useful dataset to probe
a large range in Galactocentric radius, between 4 < R < 14 kpc. The sur-
vey output (radial velocities, stellar parameters and 26 elemental abundances)
is provided through the APOGEE Stellar parameter and Chemical Abundances
Pipeline (ASPCAP Garc´ıa Pe´rez et al., 2016). In Chapters 2 & 3, I have made
use of the Red Clump (RC) catalog from APOGEE DR14 (Abolfathi et al., 2018).
GALAH (GALactic Archaeology with HERMES, De Silva et al., 2015; Martell
et al., 2017) is currently the major spectroscopic survey ongoing in the Southern
hemisphere. It makes use of the High Efficiency and Resolution Multi-Element
Spectrograph (HERMES), with nominal resolution Rs ≈ 28, 000, and employs the
Two Degree Field (2dF) fibre positioner at the 4m Anglo Australian Telescope
(AAT). The survey acquires spectra for stars with simple selections in magnitude
(12 < V < 14) and Galactic latitude |b| > 10◦, covering a large part of the thin
and thick discs of the Galaxy. The final data output will contain radial velocities,
stellar parameters and upto 30 elemental abundances for nearly a million stars.
There have been two public data releases at the time of writing this thesis. The
latest, GALAH-DR2 (Buder et al., 2018), provided parameters for 342,682 stars
including 23 elemental abundances. To obtain the the data products, a multi-step
approach is used. First, spectrum analysis is carried out using Spectroscopy Made
Easy (SME) on a highly reliable ‘Training’ set consisting of about 10,000 stars.
The derived stellar parameters for the training set are then propagated through
the whole survey using a data-driven approach with the The Cannon (Ness et al.,
2015). In Chapters 2 & 3, I make use of GALAH-DR2, while in chapter 4 I
supplement this with an internal release of GALAH-DR3, which includes nearly
600,000 stars and improved metallicities [Fe/H].
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Figure 1.3: Cartoon depiction of our place in the Galaxy. The Sun is located at
R= 8.125 kpc from the Galactic center (GC), and in this frame of reference,
rotates in the clockwise sense about GC. Also, indicated are the galactic coor-
dinates (l, b) to a random star. Figure taken from Binney & Tremaine (2008).
1.3 The Milky Way
1.3.1 Our place in the Galaxy
Thanks to the vast surveys that have been carried out across the entire sky in
recent years, we have an understanding of the morphology, structure and kine-
matical properties of the Galaxy. Decades of surveys have established that the
Milky Way can be broadly split into it’s constituent components: stellar disc,
bulge and bar, spiral arms which are sites of star formation, and a diffuse stel-
lar halo. In Table 1.2, I have summarised some of the important numbers that
describe the structure and morphological properties of the Milky Way. These
numbers are also important for comparison with synthetic galaxies in simulations
generating Milky Way analogues.
Our place in the Galaxy: The Sun’s distance to the Galactic Center (GC),
R is an essential parameter in Galactic dynamics (see Figure 1.3). Over the
years R has been estimated to lie in the range 7.1 < R < 8.9 kpc through a
number of direct and indirect methods. These have included measuring trigono-
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metric parallaxes of H2O masers in Sgr B2 (Reid et al., 2009, 2014), monitoring
proper motion and line-of-sight velocities of stellar orbits near Sgr A* (e.g., Ghez
et al., 2008; Morris et al., 2012), as well as using distance tracers such as RR Lyrae
(Pietrukowicz et al., 2015) and Red Clump giants (Cao et al., 2013). These meth-
ods have suffered from systematics such as uncertainties in calibrations as well
as in reddening estimates. More recently, using the four-telescope interferometric
beam-combiner instrument, the Gravity Collaboration et al. (2018) detected for
the first time the gravitational redshift of the star S2 near the Galaxy’s super-
massive black hole. Fitting a general relativistic model to this data they estimate
R= 8.125± 0.03 kpc, thus revising the previous (broadly consistent) estimates
listed in Bland-Hawthorn & Gerhard (2016).
Similarly, thanks to Gaia DR2, we now also have a highly precise and accurate
estimate of the Sun’s height above the Galactic plane. Bennett & Bovy (2019)
studied in detail the North-South asymmetry in the vertical number counts in the
Solar neighbourhood (< 200pc), and find that a two-component model converges
at z= 20.8± 0.3 pc.
1.3.2 Components of the Galaxy
1.3.2.1 Stellar Halo
The stellar halo of the Milky Way, is an extended spheroidal component, reaching
out to at least 150 kpc from the center of the Galaxy (Kafle et al., 2014). The
stellar density in the halo drops as a power law with spherical radius (r), with a
break-radius of about 25 kpc (Bland-Hawthorn & Gerhard, 2016). The motions
are random, with net rotation about 25 km s−1 (Deason et al., 2017). The velocity
anisotropy β, which is a measure of relative energy in radial and tangential orbits,
is around 0.63, i.e., the halo is slightly flattened. Proper motion measurements of
distant Halo stars also find that β can vary from field to field out at r ∼ 24 kpc,
suggesting that the halo is not phase mixed at this radius (Cunningham et al.,
2018).
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Under the Λ Cold Dark Matter paradigm, the stellar halo, at least in part, is
thought of have been formed by accretion of satellite galaxies (Helmi & White,
1999; Searle & Zinn, 1978). Since the dynamical timescales are much longer in
the halo, than say, in the disc, it is an excellent place to look for relics and stellar
debris from past merger events. The substructure in the halo is also useful for
constraining the gravitational potential and total mass of the Galaxy. The total
mass is dominated by the dark matter halo which cannot be observed directly.
The dynamics of halo tracers are mostly determined by the gravitational potential
of the MW halo, and provide a key indirect probe of the total halo mass. Examples
of such halo tracers include, satellite galaxies (Watkins et al., 2010), globular
clusters (e.g., Sohn et al., 2018; Watkins et al., 2019), halo stars (Xue et al.,
2008; Kafle et al., 2012, 2014), high velocity stars (Rossi et al., 2017; Monari
et al., 2018) and stellar streams (Gibbons et al., 2014; Malhan & Ibata, 2019;
Erkal et al., 2019). While, estimates of the total mass of the Galaxy have ranged
between [0.5-2.] ×1012 M, more recent efforts, such as those that properly take
into account systematics in the anisotropy profiles due to the presence of tracers,
seem to be converging to a more intermediate regime at MMWvirial = 0.8±+0.31−0.16 ×1012
M (e.g. Kafle et al., 2014).
1.3.2.2 Bulge
A significant fraction of spiral galaxies display a boxy or peanut-shaped bulge in
their centres when viewed edge-on. The formation mechanisms of bulges broadly
fall under three categories: 1) Classical bulges can form as a result of gas-rich
mergers, and exhibit relations between stellar mass, luminosty, color and black
hole mass, similar to elliptical galaxies which are also thought to be built through
a similar process. However, the accretion of a single large component has been
argued against, as the large velocity dispersion would make it difficult to cluster
stars in space (Binney & Petrou, 1985). Nevertheless, there is evidence of ex-
ternal galaxies displaying classical bulges (e.g., Gadotti, 2009). 2) Accretion of
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moderate-sized satellites which have low velocity dispersions compared to their
orbital speed, can also help to build the central bulge (Bureau & Freeman, 1999)
3) pseudo-bulges: Finally, there is the idea of bulge formation through secular
processes in galaxies. It is thought that most boxy-peanut bulges (that are seen
in late-type galaxies such as the Milky Way) are in fact bars seen edge-on (Free-
man, 2017). In simulations, bars form through instabilities in the disc and then
buckle vertically to build the boxy-peanut structure. Vertical instabilities heat up
the bar orbits vertically, creating the pseudo-bulges. The ARGOS (Abundances
and Radial Velocity Galactic Origins Survey) showed that metallicity distribution
of the bulge stars in the Galaxy, show components that can be associated to the
thin and thick disc stars, lending support to the secular route of bulge formation
(Ness et al., 2013).
Stellar ages could prove to be a useful discriminant between the secular vs.
merger scenario for bulge formation. An old bulge would favour mergers while
a younger bulge would imply that disc instabilities have enriched the bulge with
younger stars. In terms of stellar age, estimates based on deep photometry place
the bulge at about 10 Gyr old, i.e., much older than the thin disc (Valenti et al.,
2013). However, accounting for uncertainties in reddening estimates and fore-
ground contamination can lead to a spread in ages of upto 2 Gyr (Gonzalez &
Gadotti, 2016). More reliable ages derived based on the C/N ratio have recently
however, revealed the presence of a bimodality in the age distribution of bulge
stars with an old population around 10 Gyr and also a significant fraction of
young stars between 3− 4 Gyr old (Schultheis et al., 2017).
1.3.2.3 Stellar disc
The disc is a flattened structure that constitutes most of the total stellar mass in
the Galaxy. It is rotationally supported and is also kinematically cold, i.e., the
stellar velocity dispersions (25 < σR,φ,z < 40) near the Sun are much less than
the circular velocity of 235.7 km s−1 at R. The seminal work by Gilmore & Reid
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Figure 1.4: Schematic diagram illustrating the structure of the Galactic disc.
three components, corrugation shown, which increases with |z|, and is mostly a
phenomenon of the alpha poor disc. Figure taken from Bland-Hawthorn et al.
(2019).
(1983), showed that the disc can be divided into two geometric structures, a thin
and a thick disc. They made the first reliable measurements of the stellar densities
vertical to the Galactic plane, using 12,500 stars complete to I ≤ 18 mag in the
direction of the Southern Galactic pole. By calculating the density distribution
for different magnitude ranges, they showed that the disc could be fit by a two-
component exponential with scaleheights, zthin = 300 pc, and zthick = 1450 pc. In
doing so, they were the first to identify the geometric thick disc. Such geometric
structures also seem to be ubiquitous in local external galaxies (Burstein, 1979;
Yoachim & Dalcanton, 2006). Together, the two disc components contribute a
stellar mass of about 5.1 × 1010 M, nearly 80% of the total stellar mass in the
Galaxy. Recent estimates of the mass contribution and the geometrical extents
of the two discs are listed in Table 1.3.
However, the classical thin and thick discs can overlap in both spatial and
kinematic distributions, so it becomes difficult to assign stars to one or the other.
Stellar chemistry can break this degeneracy. Traditionally, the disc has been
divided by elemental abundances, into a high and low-[α/Fe] component (e.g.,
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Table 1.3: Mass and geometrical properties of the traditionally defined thin and
thick disc components in the Milky Way. Numbers are compiled from Bland-
Hawthorn & Gerhard (2016).
Component (i) Stellar mass Scaleheight (zi) Scalelength (Ri)
[1010 M] [pc] [kpc]
Thin 3.5± 1 300± 50 2.6± 0.5
Thick 0.6± 0.3 900± 180 2.0± 0.2
Bensby et al., 2014; Hayden et al., 2015). Broadly speaking, such a division does
match characteristics of the geometric thin/thick discs, in that the high-[α/Fe]
population has a larger scale height (∼ 1 kpc) compared to the low-[α/Fe] (∼ 0.2
kpc). However, recent works such as by Hasselquist et al. (2019) (their Figure 9)
have shown that there exists a third sequence in [α/Fe], that is much lower than
the two traditional components. It is likely that this lower sequence arises from
accretion of massive dwarfs such as Sagittarius. Bland-Hawthorn et al. (2019)
have recently proposed a scheme that includes this modification. This is shown
in Figure 1.4, which summarises the current understanding of the disc structure
in terms of alpha abundances. Primarily, the disc can be divided into three sub-
populations as, 1.) α+ for the [α/Fe]-rich sequence, 2.) α0 for the traditional
[α/Fe]-poor sequence, and 3.) α− for the sequence lower than α0. In this picture,
the alpha rich component extends out to the solar radius, having a scaleheight of
about 1 kpc. The alpha poor component extends much beyond the solar radius
and has a smaller scaleheight of around 300 pc, however, out at large radii this
disc flares, such that alpha poor stars can be found far away from the plane.
As was mentioned already in section 1.1, Stellar chemistry can also help piece
together the formation history of the Galactic disc. Chemical evolution models
attempt to explain the [α/Fe]-[Fe/H] plane shown in Figure 1.1. Two com-
peting models are able to largely reproduce features such as bimodality in the
[α/Fe]-[Fe/H] plane of the Solar neighbourhood. 1) In the ‘two-infall’ model from
Chiappini et al. (1997, 2001), the high and the low-[α/Fe] sequences form as a
result of two distinct episodes of gas accretion. In the initial phase, a period of
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intense star formation gives rise to the thick disc or the high-[α/Fe] sequence.
The depletion of this initial gas reservoir leads to a lull in the star formation rate.
Gradually, SNe Type Ia lower the [α/Fe] ratio, and a second phase of gas accre-
tion dilutes the metallicity of the reservoir towards lower [Fe/H], while maintaing
the low [α/Fe]. This gives rise to the thin disc. 2) On the other hand, the ‘ra-
dial migration’ model by Scho¨nrich & Binney (2009), assumes a continuous gas
accretion history i.e., does not start with two distinct components. Instead, their
model allows for the exchange of star-forming gas and stars between radial bins,
likely due to interactions with non-axisymmetric features such as the bar/spiral
arms (see 1.3.2.5 & 1.3.2.4). Their model is based on the inside-out formation of
the Galaxy i.e., where low angular momentum gas settles first near the center.
The bimodality in Figure 1.1 is explained as resulting from the superposition of
the outward migration of high-[α/Fe] population that formed rapidly in the inner
disc, and the inward migration of low-[α/Fe] population that formed in the outer
disc.
Large scale spectroscopic surveys such as APOGEE have enabled the map-
ping of the [α/Fe]-[Fe/H] plane shown in Figure 1.1, and the [Fe/H] metallicity
distribution function (MDF), at different locations in the Galaxy. Hayden et al.
(2015) used a sample of red giant stars to show that the inner (3 < R/kpc < 5)
and outer (R > 9 kpc) discs have very different distributions in the [α/Fe]-
[Fe/H] plane. The inner disk can be described a single sequence starting at low
metallicities/high-[α/Fe], and ending at low-[α/Fe]/[Fe/H]∼ 0.5. The outer disc,
on the other hand, lacks the high-[α/Fe] sequence. Essentially, this shows that
mean [Fe/H] of the low-[α/Fe] population is more metal rich in the inner Galaxy,
and that the high=[α/Fe] population dominates at high z, where it occupies a
similar locus everywhere but decreases in density as a function of R. Furthermore,
the peak and standard deviation of the MDF also shows variation with Galacto-
centric radius (R). At the Solar neighbourhood, the MDF is rougly a Gaussian
with a peak at −0.1 dex, and standard deviation ∼ 0.2 dex. However, close to
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the midplane of the Galaxy, the MDF of the inner disc, has a super-Solar peak
and negative skewness, while the outer disk is peaked at sub-Solar metallicity and
has a positive skew. The trends in MDF are quite well described with the radial
migration scenario.
1.3.2.4 Galactic Bar
That the Milky Way is a barred galaxy has been known for decades through
observations of gas kinematics (de Vaucouleurs, 1964) as well as more directly
through infrared photometry (Blitz & Spergel, 1991). The bar is assumed to be
rotating like a solid body, and the length of the bar is set by its pattern speed
(Aguerri et al., 1998). Over the years, several methods have been employed to
measure the pattern speed. This includes comparing gas flow in hydrodynamic
simulations to observed H1 maps (Fux, 1999), matching the velocity distribution
in the Solar neighbourhood (e.g., Dehnen, 2000; Antoja et al., 2014), as well as
direct measurement of the length from star counts (Cabrera-Lavers et al., 2007).
However, the different methods have not resulted in a consensus and yielded
a range of pattern speeds, ranging between 30-60 km s−1 kpc−1. Considering
the systematics from the diverse methods, Bland-Hawthorn & Gerhard (2016)
recommend an estimate of 43±9km s−1 kpc−1 for the pattern speed, and an
orientation of 28◦ − 30◦ degrees to the line-of-sight. Two quite recent estimates
have applied the Tremaine & Weinberg (1984) method of using the continuity
equation, on high quality kinematic maps from the VVV survey (Sanders et al.,
2019) and APOGEE (Bovy et al., 2019) with Gaia DR2. This allows a model-free
determination of the pattern speed, and both independently converge to a value
around 41 km s−1 kpc−1, placing corotation at around 5.5 kpc. Additionally,
(Bovy et al., 2019) find that the metallicity, abundance and age distribution of
stars in the barred region is consistent with old disc stars, and so the bar must
have formed during the early evolution of the Milky Way about 8 Gyr ago.
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1.3.2.5 Spiral Arms
Spiral arms are overdensities seen most strongly in young stars and gas. In
most galaxies, spiral arms are trailing i.e., they wind in the direction of the
Galactic rotation. Broadly speaking, there are two competing pictures regarding
the nature of spiral arms. They are either thought to be static density waves
that move through the disc with their own pattern speed and are long-lived, as
proposed by Lin & Shu (1964). The gas and stars in the disc are then slowed
down in the arms due to gravitational attraction. Such spiral arms cannot be
material arms, otherwise they would quickly wind up due to differential rotation
and thus break up. On the other hand, is the idea of Flocculent spiral arms,
that are local overdensities that corotate with the disc, and over time shear due
to differential rotation. These can also be generated by non static or transient
density waves, for example, D’Onghia et al. (2013) showed that Giant molecular
clouds (GMC) can generate self-perpetuating spiral arms.
We only see the Milky Way edge on so cannot directly see the spiral arms.
However, with the Very long baseline interferometry (VLBI), accurate parallax
and proper motions have been measured for MASERS in high mass star forming
regions, which have broadly been able to map the mutliple arms in the Milky
Way, namely Scutum (Rref ≈ 5kpc), Sagittarius (Rref ≈ 6.6kpc), Local (Rref ≈
8.4kpc) Perseus (Rref ≈ 9.9kpc), and Outer (Rref ≈ 13kpc), where Rref is the
reference radius (Reid et al., 2014). More recently, using Gaia DR2, Chen et al.
(2019) traced the 6D phase-space of young OB stars, spanning over 6 kpc in the
disc. They have been able to identify several branches, spurs and bridges between
the major spiral arms and suggesting that this could be evidence for flocculent
spiral arms in the Milky Way, in addition to earlier works based on dust and
number count mapping such as by Quillen (2002).
Spirals are of course clearly seen in external galaxies, M51 being a very notable
example in the nearby Universe, identified by Lord Rosse back in 1850 as the first
spiral nebulae. In the density wave scenario, newly formed stars are expected to
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move away from the density peak at a rate that depends on the relative speeds
of stars and the wave - they move ahead of the density wave inside the co-
rotation radius, and fall behind outside of it, resulting in a tighter pitch angle1
at wavelengths that image stars (optical and near-infrared) than those that are
associated with star formation (far-infrared and ultraviolet) (Pour-Imani et al.,
2016). With great advances in extragalactic stellar spectroscopy, it is now possible
to measure these offsets for individual spiral galaxies. Peterken et al. (2019) used
MANGA data for the UGC 3825 galaxy, to look at the offset variation between
young stars and star forming regions and find no variation in galactocentric radius
(R). They also find a constant (flat) pattern speed Ω, suggesting this is an example
of a grand design spiral. Though, such studies are limited to only a handfuly of
galaxies at the moment, and only very few observations show proper signatures
for density waves.
Furthermore, in the classical density wave picture, there is an expected corre-
lation between the pitch angle and inner mass density, which should be absent for
dynamical spirals (Roberts et al., 1975). Recently, Masters et al. (2019) studied
a sample of 20,000 nearby galaxies between redshift 0.01 < z < 0.0035, that were
classified as spirals from the Galaxy Zoo project. They find little or no evidence
between spiral arm winding tightness and bulge size, i.e., they find spiral arms
with a range of pitch angles, and thus strongly suggest that in a large fraction of
galaxies, spirals must be constantly reforming and are transient.
A range of N -body/hydrodynamic simulations have been used to understand
the origin and evolution of spiral arms. Interestingly, most simulations find that
spiral arms are transient features and their pattern speeds decrease with radius
similar to angular velocity (e.g., Grand et al., 2012; Wada et al., 2011). Others,
such as Roca-Fa`brega et al. (2013), find that strongly barred galaxies have a
pattern speed almost constant with radius, while in those galaxies with weak
bars, the arms do indeed corotate with stars, just like a transient pattern. This
1The Pitch angle is the angle between the tangents to a spiral arm and a perfect circle, and
thus measures how tightly the spiral arms are wound.
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Figure 1.5: The warping in the Galaxy is asymmetric, as shown by multiple
tracers, both in Gas and stars. Figure taken from Yusifov (2004).
suggests that the relation between the bar and spiral arms can change during the
evolution of bar-size, and as such the nature of spiral arms itself can evolve over
time (Dobbs & Baba, 2014).
Since, we cannot directly observe the time evolution of bar/spiral arms in
the Milky Way, we must use indirect methods to infer the underlying dynamical
processes. In chapter 4 we study the kinematic substructure that is revealed by
Gaia DR2 and through basic modelling and simulations, relate this to the nature
of spiral arms in the Galaxy.
1.3.2.6 Stellar Warp
The outer gas disc of most spiral galaxies have warps (Bosma, 1978, 1981). It
has been long known that the Milky Way’s neutral Hydrogen (HI) disc is warped
(Henderson et al. 1982; May et al. 1993; Kalberla et al. 2007). The warp in the
density and kinematics of the stellar disc has also become evident in the recent
years. The Hipparcos survey, which was largely complete to within the Solar
neighbourhood (d < 200 pc) gave us a glimpse of the stellar warp in kinematics.
Dehnen (1998) showed a monotonic rise in vertical velocities starting outside
the Solar annulus, though the feature then was barely statistically significant.
Kinematics from Gaia DR2 has now very recently also confirmed this tendency
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in vertical velocities, and thus the warp (Poggio et al., 2018). However, currently
the complete 3D kinematic sample is limited to the region |R−R| <3 kpc. The
scale-height mapping of various stellar tracers such as pulsars, Cepheids, and red
giants, have shown that the warping in the Galaxy is asymmetric as shown in
Figure 1.5 (Yusifov, 2004; Momany et al., 2006). Photometric studies of galaxies
also show that the galaxy center is rarely the isophotal center for faint isophotes
(Rix & Zaritsky, 1995). Furthermore, whether the Galactic warp starts inside
the Solar circle (Drimmel & Spergel, 2001) or outside (Reyle´ et al., 2009), is still
an open question. Moreover, due to the large distance uncertainties in the outer
Galaxy, it has been difficult to trace the stellar warp out to larger radii, beyond
a few kpc from the Sun. As a result, the extent to which gas and stellar disc
morphologies are consistent is also unclear.
The origins of the warp range from being due to, 1.) Torque due to misaligned
dark halo (Debattista & Sellwood, 1999; Sparke & Casertano, 1988), 2. Accretion
of intergalactic matter, 3.) Interaction with satellite galaxies, such as the tidal
forcing of the Large Magellanic Clouds on the disc (e.g., Weinberg & Blitz, 2006),
to 4.) being internally generated (Masset & Tagger, 1997).
In chapter 4 we show, using Gaia DR2, evidence of a wave-like pattern on top
of this warp signature in the Galactocentric radial and vertical velocities. This
reveals that the outer disc is more complicated than a simple warp, and opens
interesting questions regarding the interplay of radial and vertical perturbations
in the disc.
1.3.3 Dynamical processes in the disc
1.3.3.1 Streaming motions in the Galactic disc
In the pre-Gaia era, large scale spectroscopic surveys played an important role
in mapping out 3D kinematics in the disc. The typical approach would involve
using standard candles i.e., stars that have characteristic luminosities, and for
which distances could be estimated. Spectroscopy would provide reliable radial
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velocities, which when combined with proper motion measurements, would allow
all 3 velocity components (radial, azimuthal and vertical) to be mapped.
Using Red Clump stars from the RAVE survey, Williams et al. (2013) showed
that stars in the disc are participating in bulk motion, and that there are differ-
ences in the bulk motion North and South of the Galactic plane. In particular, for
the Galactocentric radial velocity 〈VR〉, they found evidence of a large outward
flow above the plane, and inward flow below the plane. For the Galactocentric
vertical velocity 〈Vz〉, they find a wave-like pattern, where, stars interior to the
Solar circle and above the plane are moving upwards, while those below, down-
wards. Similar wave-like compression/rarefaction was also seen in both number
density and bulk velocity in the SDSS data by Widrow et al. (2012), and also
towards the Galactic anti-center with LAMOST data (Carlin et al., 2013).
The ample evidence of bulk motion in the disc, makes a case for properly
quantifying streaming motion in the Galaxy. This has to be done by looking at
overdensities/residuals after subtracting a smooth axisymmetric model for the
velocity field. Moreover, such an effort will also need to account for systematic
errors such as the limited volume completeness of magnitude-limited surveys, as
well as uncertainties in the distance estimates for tracers assumed to be well
behaved standard candles.
In chapter 3, we carry out careful modelling of the velocity field of the Galaxy,
and using mock data, and fourier transforms, derive the amplitude of bulk motion
in the line-of-sight velocity field of the Milky Way.
1.3.3.2 Non-equilibrium structures in the Solar Neighbourhood
The wealth of data from the surveys described in section 1.2 have revealed that
the Milky Way is full of substructure both spatially as well as kinematically. In
a perfect axisymmetric galaxy, one would expect stars to be executing epicycles
of near circular orbits about the Galactic Center. In the Solar neighbourhood,
this would manifest itself as a 2D Gaussian distribution about the mean circular
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Figure 1.6: The velocity distribution of the Solar neighbourhood (d < 200pc), in
UV space, comparing the features from Hipparcos (left) and Gaia DR2 (right).
(Figures taken from Dehnen, 2000; Trick et al., 2018).
Table 1.4: Features particularly well reproduced by various models of the Galactic
bar, compiled from Hunt et al. (2019).
Galactic bar Features in UV distribution
(length = 3-5 kpc)
Short & Fast Only Hercules stream
Long & slow Low velocity arches but No Hercules stream
Long & faster Hercules, and very high velocity arches
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velocity at the Sun. The Hipparcos survey was one of the first to map out in detail
the velocity distribution in the Solar neighbouhood (d < 200 pc). The left panel
in Figure 1.6 shows the map of in the velocities, U (motion radial towards the
Galactic center) and V (tangential motion in the direction of rotation), corrected
for solar motion (Dehnen, 2000). It shows that the velocity distribution is far from
smooth and is filled with overdensities in kinematic space. These overdensities,
also known as moving groups, correspond to stars that appear to move together
on similar orbits but stand out from the expected background distribution. Over
the years, several different origins for these have been suggested. Since, some
of the moving groups (such as Hercules, Hyades, Sirius) have been found to be
chemically heterogeneous, and thus cannot have been born together (e.g., in a
cluster), these are thought to be of dynamical origin, such as due to a resonance
with the rotating Galactic bar (Bovy, 2010; Monari et al., 2017a) or the spiral
arms (Quillen & Minchev, 2005; Quillen et al., 2011; Pompe´ia et al., 2011; Famaey
et al., 2007).
With Gaia DR2 the UV volume can now be filled with millions of stars and
the distribution looks more dramatic. Instead of blobs of overdensities, we now
see that these moving groups are in fact extended arches (Figure 1.6 right panel).
Moreover, thanks to the much improved precision and extensive volume coverage
of Gaia DR2, some of the previously marked features, can now even be resolved
into multiple components (at least two components for Hercules).
There are currently multiple efforts underway trying to match one or more of
the arches in the UV plane to bar resonances (e.g., Monari et al., 2017b, 2019;
Trick et al., 2019b; Fragkoudi et al., 2019b). The conclusions and predictions
vary between these studies, mainly due to the different bar models (mass, pattern
speed, length) adopted by each. Recently, Hunt et al. (2019) has performed a
detailed comparison of kinematics signatures resulting from a range of bar and
spiral models (including transients that we study). Table 1.4 illustrates how
adopting a fast or a slow bar is able to reproduce only particular features in UV
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from their study. They concluded that it is non-trivial to decouple the effects of
the bar and the spiral structure and that both structures must be contributing
to the observed UV signatures. In this thesis, we do not investigate the role of
resonances (either from the bar or spirals), but do recognize that it must play
an important role in the kinematics of the Milky Way disc, and so a very brief
overview is provided in 1.3.3.3.
1.3.3.3 Resonances
The rotating Galactic bar is thought to have three fundamental resonances. If
the pattern speed (Ωp) of the bar, matches the angular rotation of stars (Ωφ), the
disc stars are in corotation resonance, i.e.,
Ωp − Ωφ = 0. (1.2)
or in general, when the pattern speed can be related to the radial epicyclic fre-
quency (ΩR),
m(Ωp − Ωφ) = lΩR (1.3)
where m is the multiplicity of the pattern, for example, m=2 for a bar or two
armed spiral, m=4 for a four armed spiral etc (Minchev, 2016). Here, l = 0 at
corotation, l = ±1 give rise to the inner and outer Lindblad resonances, and at
|l| = 1/2 at ultraharmonic resonances.
An interesting property of stars at resonances is captured in Figure 1.7. At
the corotation, stars are able to exchange angular momentum only (i.e., can
radially migrate), but at the ILR/OLR, stars can both migrate as well as get
scattered/heated that affects their eccentricities.
1.3.3.4 Phase-mixing
As was described in 1.3.2, the Galaxy is orbited by satellite galaxies and has
prominent non-axisymmetric features such as the bar and the spiral arms. The
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Figure 1.7: Angular momentum and energy exhanges at resonances. The radial
action JR (≈eccentricity) and Jφ = Lz is the angular momentum. While at coro-
tation (CR), stars can exchange only angular momentum, but at the ILR/OLR,
this exchange is accompanied with scattering/heating. The two lines intermedi-
ate between CR and ILR and OLR, are the ultraharmonic resonances. Figure
taken from Sellwood (2010).
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Figure 1.8: Geometry of phase-mixing. Figure taken from Tremaine (1999). (Also
see Lynden-Bell, 1967).
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wealth of kinematic and spatial substructure suggests that it is far from being
in a steady state, and must have been perturbed from dynamical equilibrium
at various points in its history. It makes sense then, to look for signatures of
relaxation processes in the Galaxy. Stars in the Galaxy are essentially collisionless
particles, and a simple model for collisionless relaxation is Phase mixing, which
is illustrated in Figure 1.8.
We can visualise phase-mixing using an analogy for pendulums. Say, we have
an ensemble of pendulums of identical lengths, that we swing back to some height
such that each pendulum makes an angle ≈ θ with the vertical. If we give each
pendulum a small random velocity, then the initial phase-space (before releasing)
looks like a compact distribution shown at t = 0 in Figure 1.8, i.e., we have a
range of momenta to begin with. Once the pendulums are released, they start
to oscillate, and the period of each pendulum depends on it’s amplitude and
hence energy (unlike a simple harmonic oscillator), such that the more energetic
pendulums oscillate slower and on larger circles in phase-space (t = 2). Gradually,
the phase-space distribution is sheared into a spiral, that winds up tighter in
time (t = 50). Liouville’s theorem requires that the full phase-space density of
a system evolving in a fixed potential is conserved. This means that the phase-
space density at t = 0, is the same as that of the larger occupied region at
t = 50. However, since, the pendulums separate out in energy, there are gaps in
the phase-space, with the consequence that the mean density in a finite element
(coarse-grain) is lower than that in the patch at t = 0. This process of a decrease
in coarse-grain density, as the pendulums get out of phase with one another
is called phase-mixing (Binney & Tremaine, 2008). As the system relaxes, the
coarse-grain density aymptotically tends to a constant.
Using data from Gaia DR2, Antoja et al. (2018) revealed that the Galaxy is
undergoing such a relaxation process (Figure 1.9). They found that the phase-
space in the (z, Vz) plane around 8.24 < R < 8.44 kpc, color coded by the median
azimuthal velocity Vφ, shows a spectacular spiral pattern. A simple harmonic
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Figure 1.9: Vertical phase-mixing signature due to perturbation by a massive
Satellite. Figure taken from Antoja et al. (2018).
oscillator would generate circles in the (z, Vz) plane, so this spiral suggests that
the Galaxy was perturbed vertically at some point. Moreover, following on from
Figure 1.8, that the coarse-grain density in this plane is not smooth i.e., that the
spiral is still quite prominent, implies 1) that the Galaxy has not fully relaxed
(or phase-mixed) since the impact, and 2) that the impact must have been a
recent event. Antoja et al. (2018) suggested that a recent pericentric passage of
the Sagittarius dwarf galaxy is the likely culprit. Indeed Phase-wrapping due to
perturbations from dwarf galaxies have been well explored prior to Gaia DR2 in
literature (Minchev et al., 2009; Quillen et al., 2009, etc being notable examples
that we discuss in more detail in chapter 4). A range of N-body simulations
(Laporte et al., 2018; Bland-Hawthorn et al., 2019) have constrained the mass of
the perturber to 3 × 1010 M and suggest that the event took place about 0.5
Gyr ago. Bland-Hawthorn et al. (2019) also performed a dissection of the phase-
spiral in chemistry and ages from GALAH. They found that the phase-spiral
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was more prominent in younger dwarf stars (age < 3 Gyr) than in the older
population. This could suggest that it is difficult to excite an old dynamically
hot population. Alternatively, it was the gas in the disc that was perturbed into
the spiral and the young stars were born out of this gas, which is reflected in the
age distribution. With the upcoming surveys, age estimates will be available for
stars across a large range of Galactocentric radius and this will help resolve such
questions. Bland-Hawthorn et al. (2019) also explored the shape of the phase-
spiral as a function of Galactocentric radius. In particular, their simulations
show that vertical oscillations are faster in the inner disc due to the strong self-
gravity there, as compared to the outer disc. More recently, Haines et al. (2019)
also showed that the self-gravity of the disc is important to generate the phase-
spiral once there are coupled motions due to the impact of the Sagittarius. They
suggest that the Vz vs. z structure, can be interpreted as Vz vs. z×κ (with κ
the epicyclic frequency). Since, z×κ is the restoring force, the phase-spiral can
be seen alternatively as a manifestation of self-gravity in the disc. This will be
highly relevant in the near future for determining the dynamic surface density of
the outer disc as a function of radius.
In chapter 4, we demonstrate another phase-mixing scenario - in the plane of
the Galaxy. We show how disrupting spiral arms can give rise to substructure
seen in the (R, Vφ) and UV planes.
1.4 Simulations and Galactic Modelling
We are currently living in the era of big data, where upcoming astronomical
surveys such as the LSST will be collecting 100’s of petabytes of images alone
(Ivezic´ et al., 2019). In order to interpret data and discoveries, it is absolutely
essential to have synthetic datasets to compare our findings with. These serve as
valuable tools for validation of data catalogues as well as our able to quantify the
significance of detection of a discovered feature.
In the following I describe the synthetic tools used in this thesis.
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1.4.1 Galaxia
galaxia2 (Sharma et al., 2011) is a stellar population synthesis code based on
the Besancon Galactic model by Robin et al. (2003). It includes the major stellar
components of the Galaxy (thin & thick discs, Bulge, Stellar halo), but currently
does not include spiral arms or the bar.
galaxia allows sampling data from prescribed population synthesis models,
i.e., given a model, it can predict the number density of stars as a function of
metallicity, age and mass. It then uses isochrones from the Padova database
(Marigo et al., 2008; Bertelli et al., 1994) to generate observables. The code also
uses its own 3D extinction scheme to specify the dust distribution. In particular
some key features of galaxia are:
1. It provides continuous sampling over any arbitrary volume of the Galaxy,
and so enables comparison with observed surveys by matching arbitrary
selection functions.
2. It supports multiple photometric bands (SDSS, 2MASS, Gaia, etc).
3. Dust modelling is flexible i.e., different reddening models can be applied
easily.
4. The random seed of galaxia can be changed in order to produce different
realisations, and thus test stochasticity.
5. It allows the user to generate stars in a patch, and this is useful and efficient,
as one need not generate the full galaxy to sample a small volume.
In this thesis, galaxia is used for the following purposes. In chapter 3, we
study large scale kinematics in the Galaxy using Red Clump stars. For this, we
first in chapter 2 use galaxia to develop a scheme to select pure Red Clump
population. To do this, we derive robust empirical relations between de-reddened
2Full documentation is available at http://galaxia.sourceforge.net/Galaxia3pub.html
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colors and spectroscopic parameters. Furthermore, we also, develop a scheme to
obtain the distance modulus of Red Clump stars, again from spectroscopy. This
allows us to select Red Clump stars from the GALAH and APOGEE catalogues,
and also estimate distances reliably.
galaxia simulates the kinematics of an axisymmetric galaxy. In chapter 3,
we use this to forward model the azimuthal velocity of our Red Clump sample
from the observables (which in this case are distance, positions and line-of-sight
velocities). This smooth model is subtracted from data to look for residuals
in line-of-sight velocity, as signature for non-axisymetric motion. We use mock
data from galaxia to put constraints on the significance of our findings, and
in particular use its ability to mimic non-trivial selection functions to handle
systematics such as survey volume incompleteness.
1.4.2 Test particle simulation
In chapter 4, we perform test particle simulations of disrupting spiral arms in the
Galaxy and look at the time evolution of the kinematic substructure produced.
Test particles are computationally cheap and allow for control over the simulation
parameters, such as in our case, the shape of the spiral, number of arms, details
of the gravitational potential etc. After setting particles in an Archimedean
spiral, we integrate the orbits using the galpy code (Bovy, 2015), which offers
a library of Galactic potentials to choose from. For our purpose, we adopt the
MWPotential2014 potential, which offers a model for the Milky Way that is both
realistic and easy to implement. It consists of three components, a bulge, a disc,
and a dark-matter halo. The bulge is modelled as a power law density profile
with an exponential cut-off,
ρb(r) = ρb0
r1
r
α
e−(r/rc)
2
(1.4)
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where the exponent α = −1.8, and the cut-off radius rc = 1.9 kpc. The disc is
described by a MiyamotoNagaiPotential,
Φd(R, z) = − GMd√
R2 + (a+
√
z2 + b2)2
(1.5)
with scale length, a = 3 kpc, and scale height, b = 0.28 kpc, and disc mass
Md = 6.8 × 1010M. And, finally, the dark-matter halo is an NFWPOTENTIAL
profile,
ρ(r) =
ρ0
x(1 + x)2
(1.6)
where x = r/rs, and the scale radius is rs = 16 kpc.
The implementation allows us to test a simple model for transient spiral arms
in the Galaxy, that disrupt over time and leave behind signals of phase-mixing
which we can compare with kinematics from Gaia DR2 as we show in chapter 4.
1.4.3 N-body simulations
While test particle simulations are computationally cheap to run, they do not
account for self-gravity. Simulations of gravitationally interacting particles or
N -body simulations on the other hand are dynamically self-consistent. As was
mentioned already in 1.3.2.5, non-axisymmetric features such as bars and spiral
arms are generally not well controlled in N -body simulations. We exploit this
tendency to look at the behaviour of transient spiral arms in both isolated and
interacting Milky Way-like discs. Such simulations have for long been instru-
mental in studying the gravitational influence of external agents, such as satellite
galaxies on our own. For example, Jiang & Binney (2000) explored the orbital
history of Sgr for a range of infall masses, and were among the first to suggest
a very massive (> 1011M) satellite mass. Since, running a high resolution full
N-body simulation is very expensive, intermediate compromise such as hybrid
models have also been used to explore phase-space in the Galaxy. Such hybrid
models include both massive particles and many more massless test particles that
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Figure 1.10: Example snapshots taken from the N -body simulations used in chap-
ter 4, showing the evolution of the thin stellar disc (blue) before (Top panels) and
after (Bottom panels) a Sgr like impactor (red) crosses the disc on a hyperbolic
orbit. The left and right panels show the stellar disc on a edge-on (left) and face-
on (right) projection, respectively. The spatial scale is given on the top-left corner
of each panel, and the colour coding indicates the stellar mass density (M/kpc3).
The full set of movies (time span of roughly 2 Gyr) for a range of impactor mass
and orbital parameters are available at Gaia-GALAH-phase-spiral.
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allow for detailed resolution of substructure in the disc (Quillen et al., 2011).
We have already seen in Figure 1.9, evidence of the Milky Way disc relaxing
from a possible external perturbation. And we will show that our test parti-
cle simulations of disrupting spiral arms are able to match many of the other
phase-space features seen in Gaia DR2. In order to carry out more realistic in-
vestigations of transient spirals, we exploit a set of N -body simulations that were
kindly provided by Thorsten Tepper-Garcia (USyd). The models are the same as
in Tepper-Garc´ıa & Bland-Hawthorn (2018), but run without a gas-component.
The simulations contain almost fifteen million particles, of which 5 million are
disc stars, and 10 million are dark-matter particles.
In particular, the base model consists of a live, multi-component Galaxy in-
cluding a dark-matter host halo, a stellar bulge, a thick and a thin disc. We
consider this base model to be representative of an unperturbed/isolated Milky
Way like galaxy. The other scenario is one where, an impactor, consisting of a live
dark-matter subhalo and a spheroidal stellar component, is on a hyperbolic orbit
around the Galaxy, such that it transits the Galaxy only once, and moves on.
The time step resolution corresponds to roughly 10 Myr, and the full system is
evolved to roughly 2 Gyr. A selected snapshot of the interacting galaxy is shown
in Figure 1.10, and the complete details of the simulation setup are described in
Chapter 4.3.4.
1.5 This Thesis
The goals of this thesis are to look for signatures of non-axisymmetry in the Milky
Way, and try to relate them to agents intrinsic i.e., within the Galaxy, or extrinsic
(Satellite galaxies).
In the first part, in chapter 2 and 3, we look at the kinematics of Red Clump
stars from two large spectroscopic surveys, GALAH and APOGEE. We combine
the complimentary data-sets, carry out rigorous kinematic modelling, and show
that velocity fluctuations signature carried by these tracers is lower than previ-
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ously thought. We show this is due to a combination of systematics, such as,
overestimated distances due to contamination by high mass Red Clump stars in
standard selection schemes, and volume incompleteness. In particular this is done
by using mock data which properly models survey selection function, and takes
into account intrinsic properties of Red Clump stars.
In the second part in chapter 4, we include data from Gaia DR2 astrometry,
and reveal new phase-space structures in the (R, Vφ) plane. We run test parti-
cle and N -body simulations and relate the observed structures to phase-mixing
triggered by disrupting transient spiral arms, both in the case of isolated as well
as interacting galaxies. Using these simulations we constrain the mass of the
external perturber based on kinematic signature.
Finally, in chapter 5, we revisit the power spectrum of velocity fluctuations
with Gaia DR2 RVS. We exploit the highly precise parallaxes and proper motion
from Gaia, and combine it with Bayesian distance estimates. Then, using the
precise rotation curve of the Galaxy, we study deviations from smooth axisym-
metric kinematics in the Galactic disc. We are able to show that most of the
non-axisymmetric fluctuations are in the radial component, with amplitudes up
to ∆ VR∼ 7.6 km s−1. Furthermore, the ∆ Vφ∼ 4.4 km s−1, suggesting that
streaming motion in the disc is not as strong along the azimuth. These values
likely have implications on the Local Standard of Rest (LSR), such that the pe-
culiar motion with respect to the LSR might need to be revised, especially the
radial component (U).
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Chapter 2
Red Clump distance calibration
2.1 Abstract
In this chapter, we describe details of our Red Clump selection scheme and cali-
bration that allows us to estimate distances for a pure Red Clump sample. This
is then used for kinematical analysis in chapter 3.
2.2 Red Clump calibration and selection
A crude sample of RC stars can be selected based on cuts in surface gravity log g
and dereddened color (J − K)0, for example, Williams et al. (2013) used the
simple cuts of 1.8 ≤ log g ≤ 3.0 and 0.55 < (J − K)0 < 0.8 on RAVE data.
However, this was estimated to be contaminated by about 30-60 % of non-RC
stars, including the secondary Red Clump (Girardi, 1999), and the red giant
branch bump, which is a metallicity-dependent localized excess in the luminosity
function of first-ascent red giant branch stars (Cassisi & Salaris, 1997; Nataf et al.,
2013).
In the APOGEE-RC catalog Bovy et al. (2014) use PARSEC isochrones (Bres-
san et al., 2012) and asteroseismic constraints to improve the sample purity, re-
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Figure 2.1: Spectroscopic HR diagram of the galaxia J < 15, mock all-sky
sample used to derive (J −K)0 as a function of Teff and log g. Red dashed lines
mark the approximate boundary between Dwarfs and Giants and the typical
location of Red Clump (RC) is indicated.
sulting in the following comprehensive selection scheme
1.8 ≤ log g ≤ 0.0018 dex K−1
(
Teff − T refeff ([Fe/H])
)
+ 2.5 , (2.1)
Z > 1.21[(J −K)0 − 0.05]9 + 0.0011, (2.2)
Z < Min
(
2.58[(J −K)0 − 0.40]3 + 0.0034, 0.06
)
, (2.3)
0.5 < (J −K)0 < 0.8, (2.4)
where,
T refeff ([Fe/H]) = −382.5 K dex−1 [Fe/H] + 4607 K . (2.5)
and Z is the PARSEC isochrone metallicity. However, this requires de-reddened
(J−K)0 color and to get them extinction is required. In the APOGEE Red Clump
catalog by Bovy et al. (2014) extinction was estimated using the Rayleigh Jeans
Color Excess method (RJCE; Majewski et al., 2011) which requires photometry
in [4.5µ] band. Extinction estimates based purely on photometry are useful but
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have inaccuracies associated with them. To overcome this, we use pure Red
Clump stars from galaxia to derive empirical relations expressing (J −K)0 in
terms of spectroscopic parameters [Fe/H] and Teff . Such relations have previously
been derived for K-type dwarf stars by Casagrande et al. (2010), where one fits
for a function of the form
5040 K/Teff = a0 + a1X + a2X
2 + a3XY + a4Y + a5Y
2, (2.6)
where X = (J − K)0, Y = [Fe/H] and (a0...a5) are the fit coefficients. While
this is a valid function to use, it is not analytically invertible to derive (J −K)0,
unless the dependence on [Fe/H] can be neglected in which case equation 2.6 can
be easily inverted to give1
(J −K)0 ∼ 1
2a2
[−a1 +
√
a21 − 4a2(a0 −
5040 K
Teff
)]. (2.7)
We show below that the dependence on [Fe/H] is weak but not negligible. So we
alter equation 2.6 to fit directly for (J −K)0 as
(J −K)0 = a0 + a1X + a2X2 + a3XY + a4Y + a5Y 2, (2.8)
where X =[Fe/H] and Y = 5040 K/Teff .
To derive the coefficients, we use data simulated by the code galaxia, which
allows us to obtain relations valid for majority of the stars that we observe.
More specifically, we generate an all-sky catalogue with J < 15, where the stellar
parameters are generated using PARSEC2 isochrones (Bressan et al., 2012; Chen
et al., 2014, 2015; Tang et al., 2014), and choose the 2MASSWISE photometric
system. From this we select three populations using boundaries in log g, namely
1For completion we also perform the fitting using equation 2.6 with and without the [Fe/H]
term and found that the derived temperature had residuals below 20 K for Red Clump and
Giants, though Dwarfs had higher (≈50 K) residuals without the [Fe/H] term. We provide
these results in Table 2.4 but do not use it for our analysis in chapter 3.
2The isochrones were downloaded from http://stev.oapd.inaf.it/cmd
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Figure 2.2: Empirical ((J −K)0 —Teff , log g) calibration using galaxia all-sky
sample based on equation 2.8: Panels (a,b,c) show the best-fit (dotted curves) for
Dwarfs, Giants and Red Clump stars and the color-coding is the mean [Fe/H].
Panels (d,e,f) and (g,h,i )show the residuals against temperature Teff and [Fe/H]
respectively. While for Dwarfs the derived relations fit well at low metallicity and
high temperatures, for the Giants and Red Clump, residuals are low everywhere
except for at [Fe/H]< −2.
Dwarfs (log g ≥ 3.8), Giants (log g ≥ 3.2), and Red Clump stars (1.8 ≤ log g ≤
3.0). Figure 2.1 marks the approximate boundaries between the three populations
in the spectroscopic HR diagram. For a given age and metallicity of a star, stellar
models can predict the initial mass required to reach the tip of the giant branch,
and so for Red Clump stars the initial mass must exceed this threshold tip mass
(i.e > MRGB,tip). We make this additional cut to identify the real Red Clump
stars in galaxia. We also exclude M-dwarfs from our analysis by applying a
temperature cut of 4200 < Teff(K) < 8000, as the (J − K) color is not a good
indicator of temperature for them.
The resulting best-fit coefficients (a0...a5) for each population are listed in
Table 2.1, using which we derive (J−K)0. Figure 2.2 shows the predicted (J−K)0
and residuals as a function of Teff and [Fe/H]. The best-fit curves trace the color
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Table 2.1: Best-fit coefficients for equation 2.8 used to derive (J − K)0 for the
three populations: Dwarfs, Giants and Red Clump. The fitting is carried out
over the temperature range 4200<Teff<8000.
Population a0 a1 a2 a3 a4 a5
Dwarfs -0.637 -0.107 -0.007 0.093 0.915 0.251
Giants -0.957 0.000 -0.006 -0.020 1.489 0.002
Red Clump -0.800 0.046 0.008 -0.060 1.199 0.132
well and the residuals for all three populations are below 0.003 mag. As mentioned
earlier, weak metallicity dependence is visible. For the Red Clump and giants, the
residuals show very little variation with temperature (Figure 2.2e and f), but with
metallicity (Figure 2.2h and i) a systematic effect can be seen for [Fe/H]< −2.
In comparison for dwarfs higher metallicities and lower temperatures have high
residuals (Figure 2.2d and g).
Finally using these derived colors we can now use equations 2.1-2.4 to produce
a sample of Red Clump stars from our mock J < 15 galaxia catalogue. Here,
for the purpose of selection function we make use of the (J −K)0 relation corre-
sponding to the Red Clump stars. Figure 2.3 shows the Red Clump selection in
metallicity-color space and illustrates the effect of applying additional cuts from
equations 2.2 and 2.3 (using color-temperature-metallicity selection) in order to
remove contamination from non-RC stars. It is clear that the final selection has
a very narrow range in the median Mk and lies around -1.60.
With the RC sample selected, in Figure 2.4 we plot the MK against [Fe/H]
and a running median curve (shown in red) that can be used to approximate
Red Clump magnitude from metallicity. This is also tabulated in Table 2.3.
The dispersion in estimated distance modulus (σdmod) increases from 0.1 to 0.16
by adding spectroscopic errors, however, if the uncertainty in temperature is a
factor of two lower this lower σdmod to 0.12. For the GALAH data we can get
such precision for good signal to noise data (Duong et al., 2018; Sharma et al.,
2018).
For some simple calculations it is useful to know the typical absolute mag-
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Table 2.2: Median absolute magnitude MRC, and dispersion in absolute mag-
nitude σMRC for Red Clump stars selected from galaxia using the scheme in
section 2.2. We have tabulated the values for a few common passbands only for
a comparison with literature. Also listed are the extinction factors (fλ) for the
four passbands and these are taken from (Schlegel et al., 1998).
Passband (λ) MRC σMRC fλ =
Aλ
E(B−V )
J −0.98 0.11 0.902
H −1.52 0.12 0.576
K −1.60 0.13 0.367
VJK +0.75 0.15 3.240
Table 2.3: Tabulated values for mean absolute magnitude MKs as function of
[Fe/H] as derived with galaxia (red line in Figure 2.4a). Distances to Red
Clump stars are estimated by linear interpolating over these values.
[Fe/H] (dex) -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
MKs -1.390 -1.405 -1.442 -1.475 -1.520 -1.564 -1.598 -1.622 -1.633 -1.646 -1.659 -1.666 -1.676
nitude of Red Clump stars in different photometric bands, e.g., to estimate the
volume completeness of various surveys. Hence, in Table 2.2 we list the median
absolute magnitude and dispersion based on 68% confidence region for the J,H,K
and VJK pass bands. Here,
VJK = Ks+ 2.0(J −Ks+ 0.14) + 0.382 exp[(J −Ks− 0.2)/0.50] (2.9)
is the Johnson V band magnitude computed using 2MASS magnitudes (Sharma
et al., 2018). Our derived values are in good agreement with literature (Girardi,
2016).
The scheme described in this chapter will now be used to select a pure Red
Clump sample in chapter 3, on which we perform kinematical modelling.
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Figure 2.3: The all-sky galaxia Red Clump sample selected using Teff and log g
cuts based on equations 2.1 and 2.4, and with additional cuts (cyan dotted line)
based on equations 2.2 and 2.3 using Color-Temperature-metallicity calibration
necessary to remove contamination from non RC stars. In the final selected
sample, the median Mk lies in a narrow band around -1.60 (Panel a) and most
stars are concentrated around this value (Panel b).
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Figure 2.4: MK - [Fe/H] distribution for the galaxia Red Clump sample. (a)
This is the case without any errors in spectroscopic parameters. The sample has
a tight distribution with dispersion in estimated distance modulus of σdmod = 0.1;
the running average (solid red curve) can thus be used to derive absolute mag-
nitude MK from spectroscopy. (b) This is the case with spectroscopic errors of
(σlog Teff , σ[Fe/H], σlog g) = (0.011, 0.05, 0.1) dex. Here dispersion in distance modu-
lus increases to σMk = 0.18. The red curve is same as in (a).
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Table 2.4: Best-fit coefficients for equation 2.6 for the three populations: Dwarfs,
Giants and Red Clump stars. Equation 2.6 derives 5040 K/Teff which can be
analyticaly be inverted to derive (J − K)0 if we neglect the [Fe/H] term. This
alters the coeffecients slightly and so we also list that case. Note: This table is
only provided for completion and we do not use it for our analysis in chapter 3.
Population [Fe/H] used? a0 a1 a2 a3 a4 a5 No. of stars
Dwarfs yes 0.5985 0.8148 -0.104 -0.053 0.0382 0.0045 212120
Dwarfs no 0.6045 0.7700 -0.051 - - - 212120
Red Clump yes 0.6511 0.6410 0.0298 -7e-05 0.0116 -0.002 141666
Red Clump no 0.5701 0.8421 -0.083 - - - 141666
Giants yes 0.6447 0.6651 0.0010 0.0044 0.0113 0.0042 135891
Giants no 0.5458 0.9260 -0.171 - - - 135891
44
Chapter 3
The GALAH Survey: Velocity
fluctuations in the Milky Way
using Red Clump giants
3.1 Abstract
If the Galaxy is axisymmetric and in dynamical equilibrium, we expect negli-
gible fluctuations in the residual line-of-sight velocity field. Recent results by
Bovy et al. (2015) (hereafter B15), using the APOGEE survey find significant
fluctuations in velocity for stars in the midplane (|z| <0.25 kpc) out to 5 kpc,
suggesting that the dynamical influence of non-axisymmetric features i.e., the
Milky Way’s bar, spiral arms and merger events extends out to the Solar neigh-
borhood. Their measured power spectrum has a characteristic amplitude of 11
km s−1 on a scale of 2.5 kpc. The existence of such large-scale streaming motions
has important implications for determining the Sun’s motion about the Galactic
Centre. Using Red Clump stars from GALAH and APOGEE, we map the line-of-
sight velocities around the Sun (d<5 kpc), and |z| <1.25 kpc from the midplane.
By subtracting a smooth axisymmetric model for the velocity field, we study the
residual fluctuations and compare our findings with mock survey generated by
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galaxia. We find negligible large-scale fluctuations away from the plane. In
the mid-plane, we reproduce the earlier APOGEE power spectrum but with 20%
smaller amplitude (9.3 km s−1) after taking into account a few systematics (e.g.,
volume completeness). Using a flexible axisymmetric model the power-amplitude
is further reduced to 6.3 km s−1. Additionally, our simulations show that, in the
plane, distances are underestimated for high-mass Red Clump stars which can
lead to spurious power-amplitude of about 5.2 km s−1. Taking this into account,
we estimate the amplitude of real fluctuations to be <4.6 km s−1, about a factor
of three less than the APOGEE result.
3.2 Introduction
The Milky Way is a large late-type disc galaxy. While the Galaxy has had a
quiescent accretion history and is not thought to have experienced a major merger
in the past 10 Gyr (Stewart et al., 2008; Bland-Hawthorn & Gerhard, 2016), it is
orbited by nearby dwarf galaxies, some of which can cross the disc and perturb
it. Some of these orbiting galaxies become disrupted by these encounters, torn
asunder to create streams of material orbiting the galaxy such as the Sagittarius
stream (Majewski et al., 2003). In addition, the Milky Way also hosts a central
bar extending out to 5 kpc (Wegg et al., 2015), the dynamical effect of which can
also be seen in the Solar neighborhood as structures in velocity space. Prominent
examples of such structures include the Hercules stream (e.g., Dehnen, 1998;
Bovy, 2010; Hunt et al., 2018a). While it would seem natural to assume kinematic
non-axisymmetry at small radii it is worth investigating whether the dynamical
effects of the bar extend out to large radii such as around the Solar neighbourhood.
Studying the velocity substructure in the Milky Way thus holds clues to large scale
evolutionary processes in the Galaxy.
Over the last two decades local surveys such as GCS (Geneva-Copenhagen
Survey, Nordstro¨m et al., 2004) and RAVE (Radial Velocity Experiment, Williams
et al., 2013) have mapped the Solar neighbourhood extensively and shown evi-
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dence of velocity gradients in the disc. With the advent of large-scale surveys
it is now possible to venture further out of the Solar neighbourhood. For exam-
ple, with APOGEE (Apache Point Observatory Galactic Evolution Experiment,
Majewski et al., 2016) the Galactic disc in the mid-plane (|z| < 0.25 kpc) has
been mapped out to 15 kpc. The synergy with other ongoing surveys such as
GALAH (GALactic Archaeology with HERMES, Martell et al., 2017) and LAM-
OST (Large sky Area Multi-Object fiber Spectroscopic Telescope, Zhao et al.,
2012), now allows us to study the region away from the mid-plane and attempt
to visualise kinematics and chemistry in 3D.
The limitations of small scale surveys can be understood in the context of the
Local Standard of Rest (LSR)1 which is generally defined based on results from
the GCS survey to be (U, V,W ) = (11.1, 12.24, 7.25) km s−1 (Scho¨nrich et al.,
2010). However, it has been suggested that the ‘true’ LSR may differ from this
current standard, most notably through the study of kinematics of APOGEE
Red Clump stars by B15. In their analysis they subtract an axisymmetric model
for the line-of-sight velocity field and find significant residual bulk motion or
streaming of about 11 km s−1. Fourier analysis of the residual motion shows
that the scale of fluctuations is about 3 kpc i.e., much larger than the Solar
neighbourhood. B15 suggest that the whole solar neighbourhood is moving with
respect to the Galaxy on a non-axisymmetric orbit due to perturbations from
the Galactic Bar. Furthermore, taking this large scale streaming motion into
account, they suggest that the value of V, the Sun’s motion relative to the
circular velocity (Vcirc), be revised upwards to 22.5 km s
−1, implying that the
Solar neighbourhood is moving ahead of the LSR. Although, the proper motion
of Sgr A* is well constrained at 6.379± 0.024 mas/yr (Reid & Brunthaler, 2004),
there is still uncertainty on the distance of the Sun from the Galactic center (R).
It is thus important to have multiple methods to constrain the Solar motion about
1The local standard of rest (LSR) is defined as the frame of reference of a star at the Sun’s
location that is on a circular orbit in the Galactic gravitational potential. It is thus assumed
that the LSR has no radial or vertical motion w.r.t to the Galactic centre, as suggested by the
proper motion of Sgr A* which shows that such motion is negligible (Scho¨nrich et al., 2010).
47
the Galactic center. Robin et al. (2017) take this forward by making use of highly
accurate proper motions from Gaia DR2 data release 1 (Gaia Collaboration et al.,
2016) and RAVE-DR4 to model the asymmetric drift and leave the Solar motion
as a free parameter. They propose a new, much lower value for V of 0.94 km
s−1, but again their analysis is only restricted to the Solar vicinity probing well
within 2 kpc of the Sun with mean distances around 1 kpc.
Using a purely astrometric sample from Gaia DR2-TGAS, (Antoja et al.,
2017) detect velocity asymmetries of about 10 km s−1 between positive and nega-
tive Galactic longitudes. Once again, however, their study is only based on proper
motions of the stars involved. The detected asymmetry seems directed away from
the Solar neighbourhood and towards the outer disc. Similarly, using SDSS-DR12
white dwarf kinematics, Anguiano et al. (2017) find ∂VR/∂R = −3 ± 5 km s−1
and an asymmetry in < Vz > between the population above and below the plane
of the Galaxy.
Given the compelling evidence of non-equilibrium kinematics shown by a di-
verse stellar population, it would clearly be interesting to perform a large-scale
3D analysis of the Milky Way. In this Chapter we examine the line-of-sight
kinematics of Red Clump (RC) stars selected from the GALAH and APOGEE
spectroscopic surveys. In general, observed data has a non-trivial selection func-
tion, and in some cases leaves a strong signature on the data. Not taking this
into account can lead to spurious fluctuations in the velocity distribution of the
target stars. Hence it is imperative to check and compare the results to those
obtained through use of a synthetic catalog of stars. To this end we make use of
axisymmetric galaxy models using the galaxia code (Sharma et al., 2011).
We adopt a right handed coordinate frame in which the Sun is at R=8.0
kpc from the Galactic center and has Galactocentric coordinates (Xgc,Ygc,Zgc) =
(-8.0,0,0) kpc. The cylindrical coordinate angle φ increases in the anti-clockwise
direction. The rotation of the Galaxy is clockwise in the (Xgc, Ygc) plane. The
heliocentric Cartesian frame is related to Galactocentric by Xhc = XGC + 8,
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Yhc = YGC and Zhc = ZGC. Xhc is negative toward ` = 180
◦ and Yhc is positive
towards Galactic rotation. For transforming velocities between heliocentric and
Galactocentric frames we use (Xgc,, Ygc,, Zgc,) = (U,ΩR,W). Following
Scho¨nrich et al. (2010), we adopt (U,W ) = (11.1, 7.25) km s−1, while for the
azimuthal component we use the constraint of Ω = 30.24 km s−1kpc−1 which
is set by the proper motion of Sgr A*, i.e., the Sun’s angular velocity around
the Galactic center (Reid & Brunthaler, 2004). The structure of this chapter
is as follows: In subsection 3.3.1 we briefly describe our Red Clump selection
scheme, which includes using galaxia to calibrate de-reddened colors against
spectroscopic parameters in order to select a pure Red Clump sample. This is
used to derive distances in subsection 3.3.2. Then in subsection 3.4.1 we briefly
discuss the observed and simulated datasets used in this Chapter. Our kinematic
model and methods are described in subsection 3.4.3. In subsection 3.5.1 we
test our model on a galaxia all-sky sample and identify high mass Red Clump
population as a contaminant. Next, in subsection 3.5.2 we analyse observed
data in the midplane and compare with the APOGEE result of B15. Then in
subsection 3.5.3 we extend the analysis to the offplane region and compare our
results with selection function matched galaxia realizations before discussing
our findings in section 3.6.
3.3 Selecting pure Red Clump sample to esti-
mate distances
3.3.1 Red Clump calibration and selection
The Red Clump (RC) is a clustering of red giants on the Hertzsprung-Russell
diagram (HRD), that have gone through helium flash and now are quietly fus-
ing helium in the convective core. These stars on the helium-burning branch
of the HRD, have long been considered ‘standard candles’ for stellar distances
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as they have very similar core masses and luminosities (Cannon, 1970). While
many studies use the RC, there is considerable variation in the literature over
calibration for the absolute magnitude of these stars. Studies of RC stars using
parallaxes from Hipparcos have shown that their average absolute magnitude in
the Ks (hereafter K) band spans the range -1.65< MKs <-1.50 (Girardi, 2016)
and there is ongoing effort to revise this using Gaia DR2 (Hawkins et al., 2017).
The color dependence of the Red Clump on population parameters is also well
known, for example the (J−Ks) color is predicted to increase by 0.046 mag from
([Fe/H],[α/Fe])=(-0.30,+0.10) to (0.00,0.00) (Nataf et al., 2016). Given this vari-
ation, in this work we choose not to assume single MKs value to estimate distances
but instead derive an empirical relation between K band absolute magnitude and
metallicity [Fe/H]. We choose the K band for two reasons. While some passbands
are more affected than others by metallicity variations within the RC population,
such effects seem to be greatly reduced in the K band (Salaris & Girardi, 2002).
This, combined with the fact that the K band is least affected by extinction,
makes it a reliable passband in which to derive fundamental properties of the RC
population.
However, we will first need to select a reliable sample of Red Clump stars.Our
selection function is based in terms of de-reddened colors CJK =(J−K)0 and the
spectroscopic parameters: surface gravity log g, metallicity [Fe/H] and effective
temperature Teff as described in Bovy et al. (2014). In the APOGEE Red Clump
catalog (Bovy et al., 2014) the photometry is corrected for extinction using the
Rayleigh Jeans Color Excess method (RJCE; Majewski et al., 2011) which re-
quires photometry in 2MASS and [4.5 µm] bands. However, it is difficult to get
de-reddened colors accurately from photometry alone. So, to overcome this, we
use pure Red Clump stars from galaxia to derive empirical relations expressing
CJK in terms of [Fe/H] and Teff . This allows us to derive de-reddened colors
from spectroscopic parameters, which we can then use to select the Red Clump
samples for any given spectroscopic sample. In particular, the galaxia Red
50
Table 3.1: Accuracy of the Red Clump selection function as predicted by all-sky
J < 15 mock samples from galaxia. Shown are results for cases with: 1) no
uncertainty on spectroscopic parameters; 2) with uncertainty typically expected
from high resolution spectra, e.g., APOGEE (Holtzman et al., 2015) and 3) same
as 2) but with smaller σlog Teff which should be achievable with good quality spec-
tra.
σlog Teff σ[Fe/H] σlog g Recall
2 Precision3 σdmod
4
dex dex dex (%) (%) mag
1 0.0 0.0 0.0 100.0 97.9 0.10 (0.09)
2 0.011 0.05 0.1 77.0 93.6 0.16 (0.12)
3 0.0055 0.05 0.1 87.0 94.8 0.12 (0.11)
Clump sample is also used to obtain the aforementioned MKs-[Fe/H] curve (see
Table 2.3), which is used to estimate distances. The procedure above is described
in full detail in section 2.2.
We now check the accuracy of our selection function in recovering the Red
Clump stars. For this we compute precision (fraction of selected stars that are
part of the Red Clump) and recall (fraction of Red Clump stars that are selected),
which are two commonly used measures of accuracy in the field of information
retrieval. We find that 97.6% of our selected stars are part of the Red Clump.
Since our selection is based on spectroscopic parameters that have uncertainties
associated with them, we also explored the effects of adding Gaussian errors of
(σlog Teff , σ[Fe/H], σlog g) = (0.011, 0.05, 0.1) dex. For Teff = 4700 K, the typical
temperature of a Red Clump star, the uncertainty in temperature is 120 K. In
spite of the uncertainties, the precision of the selected stars was found to be
83% (see Table 3.1 for summary), however, the recall dropped to 69%. If the
uncertainty on temperature is reduced by a factor of two, the precision increases
to 91% and recall to 85%, suggesting that it is important get precise and accurate
temperatures.
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3.3.2 Distances
We now proceed to estimate distances for our Red Clump sample. The distance
modulus for a given passband λ corrected for extinction is given by
dmod = mλ −Mλ − Aλ, (3.1)
with apparent magnitude mλ, absolute magnitude Mλ and extinction Aλ. For
the K band, Mλ is derived using our MK-[Fe/H] relation (Table 2.3), while for
the extinction we make use of the derived intrinsic colors CJK([Fe/H], Teff)
5 i.e.,
(J −K)− CJK = (AJ − AK), (3.2)
and this can be related to the reddening E(B-V) using fλ = Aλ)/E(B − V ) as
(AJ − AK) = (fJ − fK)E(B − V ). (3.3)
After rearranging, we get the general relation
Aλ = fλ × (J −K)− CJK
fJ − fK , (3.4)
with fλ as in Schlegel et al. (1998) (see Table 2.2).
To illustrate the accuracy achieved in estimating distances for the galaxia
sample, we show the residuals in dmod with respect to the true distance modulus
in Figure 3.1. The residuals lie close to zero, with a typical distance uncertainty
of 4%. There is also no significant bias as a function of metallicity [Fe/H]. If
uncertainty in spectroscopic parameters are taken into account the dispersion
in estimated distance modulus σdmod increases and this is shown in Table 3.1 for
some typical cases. The main reason for the increase in σdmod is the contamination
from stars that are not Red Clump, e.g., RGB stars, which can be understood
5 See equation 2.8
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Figure 3.1: Distance accuracy using Red Clump calibration on galaxia: The
residuals in the distance modulus are concentrated close to zero (black dotted line)
and there is no significant bias with metallicity. The blue dotted lines indicate
the 1σ bounds, with the overall distance error being 4 %.
from the quoted precisions in the table. The quantity in brackets denotes σdmod
for the actual Red Clump stars, which is not significantly affected by addition of
spectroscopic uncertainties.
3.4 Data and methods
3.4.1 Datasets
In this Chapter we make use of data from the APOGEE and GALAH surveys
from which Red Clump stars are selected using the selection scheme described in
section 2.2 unless otherwise specified. Following is a brief overview of the datasets
used for our analysis:
We downloaded the Red Clump catalog6 of APOGEE DR12 (Bovy et al.,
2014), in order to compare our results directly with B15. This dataset contains
19937 stars and will be referred to as ADR12RC. Similarly we also obtained the
6APOGEE DR12-RC fits files
53
Figure 3.2: Distribution of the combined Red Clump dataset GADR14RC in
Galactocentric R−z plane. While the APOGEE coverage dominates in plane and
towards the anti-center, GALAH surveys the off-plane region more extensively.
latest available RC catalog7 from APOGEE DR14 (Abolfathi et al., 2018). This
contains 29502 stars and will be referred to as ADR14RC. In both cases, while
we do not apply our Red Clump selection method, we do estimate the distances
using the scheme in subsection 3.3.2. Our distances were found to be in excellent
agreement with those in the APOGEE Red Clump catalog. In our analysis the
distances are used to compute velocity maps, and we found that there was no
difference between the velocity maps computed using either of the distances.
Where it appears the additional tag ‘SF Bovy’ explicitly means that the
dataset used has exact selection as in the APOGEE Red Clump catalogs.
Next, from the internal release of GALAH data up to October 2017 we prese-
lect stars in the magnitude range 9 < V < 14. The data includes fields observed as
part of the K2-HERMES (Wittenmyer et al., 2018) and TESS-HERMES (Sharma
et al., 2018) programs but not the fields observed as part of the pilot8 survey.
7APOGEE DR14-RC fits files
8Data collected before March 2014 i.e., with cob id< 1403010000 is excluded, where cob id
= date*10000 + run no.
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Figure 3.3: Distribution of GADR14RC in heliocentric (x, y) coordinates where
the symmetrical regions above and below the plane have been merged together
in slices in z (kpc). APOGEE probes deep into the disc while GALAH provides
good coverage moving away from the plane, and to illustrate this also shown is
the coverage of RAVE DR5.
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Also, data without a proper selection function (field id ¡-1) was excluded from the
analysis. The spectroscopic parameters are from the same pipeline that was used
in Sharma et al. (2018) and further details of spectroscopic analysis techniques
used can be found there and in Duong et al. (2018). Details on reduction and esti-
mation of radial velocity are in Kos et al. (2017). From the full data we select Red
Clump stars using our scheme in section 2.2 and obtain 33183 RC stars. This is
merged with ADR14RC to form a combined observed dataset called GADR14RC
and again where it appears, the additional tag ‘SF New’ signifies that our selec-
tion method was employed. This combined set provides a more complete (x, y)
spatial coverage as shown in Figure 3.2 and Figure 3.3, where only for comparison
we show 44166 Red Clump stars from RAVE-DR5 (Kunder et al., 2017) using
our selection scheme. The combined dataset allows us to explore the region well
beyond the Solar neighbourhood.
To examine the validity of this analysis, we use galaxia to simulate the
selection functions of APOGEE9 (Zasowski et al., 2013) and GALAH (Martell
et al., 2017), and generate a combined Red Clump dataset using our selection
schemes for direct comparison with GADR14RC. Finally, for subsection 3.5.1 we
also generate an all-sky mock Red Clump catalog to test our kinematical models.
All galaxia samples were generated with the ‘warp’ option turned off in order
to allow easier interpretation of our experiments.
3.4.2 Proper motions
In order to transform from the heliocentric to Galactocentric frame we require
highly accurate proper motions. Gaia DR1 has provided high precision parallaxes
for about 2 million objects and the DR2 (expected April 2018) will extend this to
nearly a billion objects and will also provide proper motions. In the meantime the
two extensively used proper motion catalogues PPMXL (Roeser et al., 2010) and
UCAC4 (Zacharias et al., 2013) have been improved using Gaia DR1 positions
9APOGEE DR14 fields
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to produce UCAC5 (Zacharias et al., 2017) and HSOY (Hot Stuff for One Year,
Altmann et al., 2017). Until Gaia DR2 these updated catalogues will provide
proper motion with 1-5 mas/yr precision. For all our observed datasets, where
available, we use the average of UCAC5 & HSOY values, and default (UCAC4)
proper motions elsewhere. We have checked that this has no impact on our
results. Moreover, our main analysis does not make use of proper motions.
3.4.3 Kinematic model
In this section we will describe the framework of our kinematical modelling. Our
goal is to reproduce the observed line-of-sight velocity field (Vlos) using an axisym-
metric Galactic model. In our scheme the Galactocentric velocity distribution,
V = (VR, Vz, Vφ), follows the triaxial Gaussian distribution
p(V |r, τ) = 1
(2pi3/2)σRσφσz
exp
{
V 2R
σ2R
+
V 2z
σ2z
+
(Vφ − V φ)2
σ2φ
}
, (3.5)
where we assume that 〈VR〉 and 〈Vz〉 are negligible. The mean Galactocentric
azimuthal velocity V φ can be written using Stro¨mberg (1946) as:
V
2
φ = V
2
circ(R, z) +
Vasym︷ ︸︸ ︷
σ2R
(
d ln ρ
d ln R
+
d lnσ2R
d ln R
+ 1− σ
2
φ
σ2R
+ 1− σ
2
z
σ2R
)
, (3.6)
where Vcirc is the Galactocentric circular velocity, and Vasym is the asymmetric
drift. Assuming exponential density profiles for the Galactic disc (ρ ∝ e−R/Rd ,
Sharma & Bland-Hawthorn, 2013) and velocity dispersion (σ ∝ e
R−R
Rσ ) we get
V
2
φ = V
2
circ(R, z) + σ
2
R
(
− R
Rd
− 2R
Rσ
+ 1− σ
2
φ
σ2R
+ 1− σ
2
z
σ2R
)
(3.7)
However, equation 3.7 is valid only for the case where the principle axis of the
velocity ellipsoid is aligned with the spherical coordinate system (r, θ, φ) centered
on the Galactic center, i.e, VRVz = (V
2
R − V 2z )(z/R) (Binney & Tremaine, 2008).
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Table 3.2: Parameters to model the velocity dispersion σR as a function of height
|z|.
|z| 0.0 0.5 1.0 2.0
δσ0 0.0 5.0 7.0 7.0
There is however, evidence to suggest that the ellipsoid is aligned with the cylin-
drical system (R, φ, z) (e.g., Binney et al., 2014), in which case ∂VRVz/∂z = 0 and
the term 1 − σ2z
σ2R
drops out from equation 3.7. Since the actual answer probably
lies in between the two alignments, we instead take into account the contribution
of dispersion terms (σφ,R,z) as a new parameter cad,
V
2
φ = V
2
circ(R, z) + σ
2
R
(
− R
Rd
− 2R
Rσ
+ cad
)
. (3.8)
Using the above framework we can now describe the individual models employed:
• Bovy1 : The model used by B15 is derived in Bovy et al. (2012, B12 here-
after). Essentially they assume ∂VRVz/∂z = 0, exponential surface density
profile, exponential velocity dispersion profile and a constant circular veloc-
ity and then use the distribution function from Dehnen (1999) to model the
asymmetric drift. Sharma et al. (2014) fitted the B12 model to RAVE data
and showed that the B12 model can be approximated by setting cad = 0.28
in equation 3.8. In order to reproduce the results of B15 we adopt this
value for cad. Furthermore, in accordance with B15, we set Rd = 3 kpc,
Rσ = ∞ kpc, σR = 31.4, and assume a flat profile for the circular velocity
Vcirc = 220 km s
−1, Vcirc + V = 242.5 km s−1. We use Bovy1 only for the
mid-plane (|z| < 0.25 kpc) as was the case in B15.
• globalRz : B15 model requires making a number of assumptions, e.g., about
the circular velocity profile, the σφ/σR ratio as well as the σR profile. Typ-
ically, σR in the disc lies around 20-40 km s
−1(Bovy et al., 2012). However,
discs heat, i.e., fluctuations in the gravitational field cause stars to diffuse
through phase-space to regions of lower phase-space density (e.g., to higher
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|z|). The velocity dispersion of a disc stellar population is known to increase
with age, and so proper modelling of the vertical variation in dispersion,
requires an age-velocity-dispersion relation (AVR), and a good handle on
stellar ages.
Moreover, Vcirc itself has a non-trivial profile, as for example was found
with kinematic analysis of RAVE where gradient in both radial (∝ αR(R−
R)) and vertical directions (∝ αz|z|−1.34) was reported (Sharma et al.,
2014). Furthermore, if we compute V φ using proper motions, we see that
the profiles are not flat in R (Figure 3.5).
Given that some of the assumptions might not be correct, for our analysis we
adopt a flexible model for V φ, that is a 2
nd degree multivariate polynomial
in cylindrical Galactocentric coordinates R and z, more specifically,
V φ =
2∑
i=0
2∑
j=0
aij(R−R)izj, (3.9)
The model prediction in Galactocentric coordinartes can be transformed
to heliocentric coordinates assuming (U,ΩR,W) for the solar motion
and fitted to observed the line-of-sight velocity Vlos,mod. The Ω is given by
the the proper motion of Sgr A*, and hence this approach does not require
us to assume a value for V or Vcirc. In order to fit for the coefficients
aij, we assume that the observed Vlos is a Gaussian, N (.||mean, dispersion),
centered at Vlos,mod with dispersion σlos = 31.4 km s
−1 (similar to B15).
This can be summarized as,
p(Vlos|aij, lgc, zgc, R) = N (Vlos|Vlos,mod, σv), (3.10)
and we call this model globalRz. The MCMC fitting is carried out using
the bmcmc package (Sharma, 2017).
• Strom z : Finally, we will now describe the model for our galaxia simu-
59
lations. While we could just use the globalRz model to approximate kine-
matics in galaxia, however, flexible models like globalRz with many free
parameters run the risk of overfitting the data. Hence we devise a more
realistic model. Note, our aim here is to generate a simple and realistic null
hypothesis case, i.e., a smooth axisymmetric model that has no velocity fluc-
tutaions. The default model in galaxia is based on the Stro¨mberg relation
with parameters from the RAVE-GAU kinematic model from Sharma et al.
(2014, (S14) their last column of Table 6). This model is able to describe
the z variation in velocity dispersions (≈ AVR), but it requires stellar ages
as input. Since for observed data, ages are not available, instead of using
the default model, we modify it take the variation of σR with height z into
account. For this we adopt the following form for σR,
σR(R, z) = (σ0 + δσ0(|z|)) exp(−R/Rσ). (3.11)
and fit for σ0 and δσ0 using a mock galaxia realization with RAVE-GAU
model. We find σ0 = 30.7 km s
−1 and δσ0 for three different values of |z|
is given in Table 3.2. To obtain δσ0 for any arbitrary value of z we use
linear interpolation. For the thick disc we assume a mono-age population
(11 Gyr old) and we assume that the thick disc obeys the AVR of the thin
disc. If this is not done the velocity distribution in the upper slices might
deviate strongly from a Gaussian distribution and this will lead to velocity
fluctuations and will make the simulation unsuitable for out null hypothesis
test.
Finally, we fit equation 3.8 to the mock galaxia realization and find the
best match for cad = 0.77. The disc and velocity dispersion scale lengths
are adopted directly from S14, i.e., (Rd, Rσ) = (2.5, 13.7) kpc. Lastly, in
galaxia we use Vcirc +V = 226.84 + 12.1 km s−1 and the circular velocity
profile is from Sharma et al. (2011) and is not flat.
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3.4.4 Fourier analysis of velocity fluctuations
Each dataset is divided into three slices in z (as in Figure 3.3), and further binned
into (x, y) space with bins of size 0.75× 0.75 kpc2. The resulting stellar density
map for each vertical slice of the GADR14RC dataset is shown in Figure 3.4.
For each bin, we calculate the residual ∆Vlos = Vlos − Vlos,mod, to produce a 2D
velocity fluctuation image h. To reduce the contribution from Poisson noise we
set h = 0 for bins than have less than 20 stars. Next we perform Fourier analysis
of the image h and calculate the 2D power spectrum of fluctuations as
Pkl =
1
Neff
|Akl|2∆x∆y, (3.12)
where Akl is the 2d Fast Fourier Transform (FFT) of the image h and ∆x and
∆y are the size of the bins along x and y directions. Neff is the effective number
of bins in the image and is given by
∑
i
∑
j H(nij−20), where H is the Heaviside
step function and nij is the number of stars in the (i, j)-th bin. Next we average
Pkl azimuthally in bins of k =
√
k2x + k
2
y to obtain the 1D power spectrum P (k).
The P (k) as defined above satisfies the following normalization condition given
by the Parseval’s theorem,
∫ ∞
0
P (k)2pik dk =
∑
k
∑
l
Pkl∆kx∆ky (3.13)
=
∑
i
∑
j H(nij − 20)h2ij
Neff
We present
√
P (k) that has the dimensions of km s−1 as our final result. The
presented formalism to compute the power spectrum is slightly different that of
B15, but it matches the results of B15 and importantly ensures that the estimated
power spectrum P (k) is invariant to changes in size of the bin, the overall size of
the image box, and bins with missing data. The noise for the power spectrum is
calculated in the same manner except that for the input signal we use normally
distributed data with zero mean and dispersion equal to the standard deviation
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Figure 3.4: Stellar number density of the GADR14RC dataset for the three verti-
cal slices used in our analysis. Each pixel has a minimum of 20 stars. The radial
cuts applied here correspond to completeness in magnitude limited selection (see
Figure 3.11 for details).
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Figure 3.5: Mean Galactocentric rotation (V φ) derived using proper motions for
the combined dataset GADR14RC and shown for different z slices. The profiles
look parabolic in nature with a steepening gradient as we move away from the
plane.
of ∆Vlos.
3.5 Results
The observed data has complicated selection functions in terms of magnitude
and spatial coverage. Therefore before we study the observed data, we will first
consider a much simpler dataset using galaxia that has uniform spatial coverage.
This will allow us to test the method described in subsection 3.4.3 and explore
any selection function related biases.
3.5.1 GALAXIA all-sky sample: High mass Red Clump
stars
Using galaxia we generate an all-sky sample that has H < 13.8, the magnitude
boundary of the APOGEE data set in the mid-plane, and select Red Clump
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Figure 3.6: Kinematic modelling of galaxia all-sky sample. Results with three
different choices of distance are shown, true distances (Top panels), Red Clump
distances (Middle panels) and Red Clump distances but with stars restricted to
dRC/dTrue > 0.8 (Bottom panels). Each column shows a different aspect of the
kinematics. (a,e,f): The V φ as function of R obtained by fitting the globalRz
model to Vlos. The actual V φ profile and the profile obtained with proper motion
and d = dRC is also plotted alongside. (b,f,j) The line-of-sight residual velocity
map obtained after subtracting the best fit globalRz model (also overplotted are
curves of R = [6,8,10,12] increasing towards negative Xhc). (c,g,k) Power spectrum
of the residual velocity map. (d,h,l) Map of distance residuals computed with
respect to dTrue.
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Figure 3.7: Mass distribution of Red Clump stars for aH < 13.8 sample simulated
with galaxia. Panel (a) shows the distribution of Red Clump stars in the
(MKs ,Mass) plane. It is clear that the luminous Red Clump stars also have higher
mass. Stars above the black dashed roughly correspond to where dRC/dTrue > 0.8.
Panel (b) shows the distribution of Red Clump stars in the (MKs−2.5 log g,Mass)
plane. The tight relation is because the Red Clump stars lie in a narrow range
of Teff . The red dotted line is = −2.5 log M in both the panels.
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Figure 3.8: Properties of Red Clump stars for a H < 13.8 sample simulated with
galaxia. We show the map of mean distance residuals (dRC−dTrue)/dTrue. It can
be seen that close to the plane and towards the Galactic Center, the distance is
underestimated. The contours indicate the the fraction of Red Clump stars (10%
and 40% levels shown) that are unusually luminous, identified using MKs < −2.0.
This suggests that distance errors are due to luminous Red Clump stars.
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stars using the scheme in section 2.2. We make three versions of this dataset,
one with true distances (d = dTrue), one with with Red Clump-derived distances
(d = dRC) and one with Red Clump-derived distances but only for stars with
dRC/dTrue > 0.8. The last of these is chosen to provide a control sample to check
for systematic errors in distances. For each data set we fit the globalRz kinematic
model to Vlos data and derive the V φ profile and then construct the ∆Vlos map
(subsection 3.4.3). In Figure 3.6, we only show results for the mid-plane region
with |z| < 0.25 kpc. The panels in first column compare the derived V φ profile
with the actual V φ profile, computed directly using line-of-sight motion, proper
motions and true distances. The V φ profile computed using Red Clump distance
is also shown alongside. The panels in second column show the map of velocity
fluctuations ∆Vlos, while their power spectrum is shown in panels of the third
column. The median power spectrum expected due to Poisson noise is shown in
dotted black and 68 percentile spread around it based on 20 random realizations
is shown in pink. Finally, in the fourth column we show the map of distance
residuals. The results for each case are summarized below.
• True distances d = dTrue: It is clear that for the true distances we are able to
recover the profile by fitting globalRz model to Vlos. This is also reflected in
the map of ∆Vlos, where we obtain a smooth map with negligible residuals.
Furthermore, the 1D power spectrum also has amplitude consistent with
noise of about 2 km s−1. This scenario is as would be expected of a perfectly
axisymmetric galaxy.
• RC distances d = dRC: The results are more interesting for the Red Clump
derived distances case. Here, the actual V φ profile (green line) is not repro-
duced accurately by the globalRz model (blue line) unlike the previous case.
The model overestimates the profile beyond the Solar circle (R) and un-
derestimates it towards the Galactic center. The V φ profile computed using
proper motions also does not match the actual profile. The ∆Vlos residual
map shows a peculiar dipole along the y axis for x > 0. This feature gives
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rise to a sharp peak in the power spectrum with amplitude of 5.9 km s−1at
a physical scale of k−1 = 1.6 kpc. Exactly at the location where we see high
residuals in Vlos we also see high residual in distances.
• RC distances but only for dRC/dTrue > 0.8: The results of this case are very
similar to that for case where we use true distances.
For the first case with true distances the residuals in both Vlos and distance
are zero by definition. For the second case with RC distances, we see significant
residuals. It is clear that the region corresponding to the high ∆Vlos residual
also corresponds to high distance residual, i.e., distance errors. This suggests the
cause of high residuals is systematic errors in distances. This is further confirmed
by the results of the third case, where we restrict the analysis to stars with
dRC/dTrue > 0.8 and find no residuals in Vlos or distances.
For the second case, the distance residuals are negative which means that the
distances are underestimated. This would have the effect of bringing stars closer
to us than in reality, more importantly, their kinematics would be inappropriate
for their inferred location. This is why we see a dipole in the Vlos maps. Since the
velocity field is incorrect, the best fit globalRz model fails to reproduce the actual
V φ profile. Due to systematics in distances the velocity profile inferred using
proper motion would also be wrong, and this is the reason for the mismatch of
the orange line with the green line in Figure 3.6e. Again this is confirmed in
Figure 3.6i, where we restrict stars to dRC/dTrue > 0.8 and there is no mismatch
between any of the V φ profiles.
We now investigate the cause of systematic errors in distances of Red Clump
stars. We generate an all sky H < 13.8 sample with galaxia, identify Red
Clump stars in it, and then study their properties. Figure 3.7a, shows the distri-
bution of Red Clump stars in the plane of MKs and stellar mass M . Typically,
Red Clump stars have MKs ≈ −1.60, however Figure 3.7a shows that there is a
tail extending down to much brighter magnitudes. Stars with dRC/dTrue < 0.8
that were responsible for strange features in residual velocity maps in Figure 3.6
68
correspond to MKs < −2 and this is shown as the black dashed line in the panel.
In the tail below the line, brightness is strongly correlated with stellar mass, which
extends up to 4 M. We know that mass of a red giant star is anti-correlated
with age (e.g., Sharma et al., 2016; Miglio et al., 2017), with massive stars being
in general younger. So the cause for the systematic errors in the Red Clump
distances is the presence of young Red Clump stars that have high mass and
luminosity.
The anti-correlation of absolute magnitude with mass is easy to understand.
Red Clump stars lie in a narrow range of Teff . Hence their luminosity L is pro-
portional to R2. Given that surface gravity g = M/R2, and since MK represents
the Luminosity L well, we have
MK ∝ −2.5 logL ∝ −2.5(logM − log g) (3.14)
MK − 2.5 log g ∝ −2.5 logM (3.15)
For a given log g, the magnitude decreases with mass and the expected trend is
shown in Figure 3.7a. For Red Clump stars log g is not constant, to take this into
account in Figure 3.7b, we show stars in the (MK − 2.5 log g,Mass) space. The
stars now perfectly follow the predicted relation of equation 3.15.
We now investigate as to where we expect to find such high mass stars and in
which regions do we expect significant errors in distances. Figure 3.8 shows the
map of distance residual in the (x, z) plane. We see that the distance residuals
are high in the mid-plane of the Galaxy and towards the Galactic Center. The
contours overplotted on Figure 3.8, show the fraction of Red Clump stars that
have MKs < −2, i.e., very luminous. Close to the plane and towards the Galactic
Center in certain areas the fraction is higher than 0.3. The regions of high distance
residuals correspond to region with higher fraction of high-mass Red Clump stars,
this provides a causal link for the high distance residuals.
Why is the contamination from young, high-mass RC so prominent close to
the plane and towards the Galactic Center? This is due to a combination of
69
four different effects. Firstly, due to the age scale height relation in the Galaxy,
younger stars have smaller scale height and are closer to the plane. Secondly, the
surface density profile of stars in the Galaxy falls off exponentially with distance
from the Galactic Center, which means there are more such stars towards the
Galactic Center. Thirdly, along any given line-of-sight the volume of a cone
around it increases as square of the distance. So more stars from far away with
larger true distances are displaced to regions with smaller apparent distances.
Finally, the spectroscopic selection function designed to select RC stars also plays
a role in making the high mass stars appear more prominently. For constant star
formation rate the number of Red Clump stars show a sharp peak around an age
of 1.5 Gyr (Girardi, 2016). But our contaminant bright stars having MKs < −2,
peak at 0.5 Gyr and are not associated with the peak at 1.5 Gyr. The age
distribution of RC stars in galaxia is shown in Figure 3.9a, also shown are the
contaminant bright stars. Figure 3.9b shows the age distribution after applying
our RC selection function. The peak at 1.5 Gyr vanishes but not the one at 0.5
Gyr. It is clear that the selection function introduces a strong age bias rejecting
a significant fraction of young stars, but the young contaminant bright stars are
not rejected, instead they become more prominent.
We also studied the off plane slices and found no peculiar features in the
residual velocity maps. This is expected as the contamination from high-mass
RC stars does not extend far away from the mid-plane.
3.5.2 Velocity fluctuations in the mid-plane for observed
data
We now discuss the results of our kinematic modeling on the observed datasets
and will compare this with selection function matched mock data generated with
galaxia as described in subsection 3.4.1. Using Red Clump stars from APOGEE
-DR12, B15 showed that after subtracting an axisymmetric model there remains a
high residual in the Vlos field in the mid-plane (|z| < 0.25 kpc). Their kinematical
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model assumed a flat rotation curve with Vcirc = 220 km s
−1 and V = 22.5 km
s−1 and the asymmetric drift was based on the Dehnen distribution (Dehnen,
1999). In Figure 3.10 we consider again the B15 result and explore effects that
can lead to enhanced residuals. In Figure 3.10(a,b) we have reproduced their
result by using the same model and data (APOGEE -DR12 RC sample) as them.
A sharp peak of 10.4 km s−1 is obtained at a physical scale of about 2.5 kpc
similar to B15.
The location and the height of the peak is essentially unchanged when we
include APOGEE -DR14 RC sample, the peak only becomes sharper (Figure 3.10
c,d).
Now, B15 used median statistics to compute the residual maps and power
spectra. If the distribution of the residual velocity is a Gaussian then employing
either mean or median statistics should not make much of a difference in the
residual maps. However, if the distribution is asymmetric then it will. In the
context of the Galaxy, we know that the Vφ distribution is asymmetric (Sharma
et al., 2014). Typically one defines a kinematic model and then computes the
model parameters that maximize the likelihood of the model given the data. For
such a best fit model, it is not clear as to which statistics (mean or median)
will give lower values in velocity residual maps. In Figure 3.10(e,f) we find that
choosing mean statistics lowers the power by 1.0 km s−1 for the B15 model. We
have checked and found that for our best fit globalRz model the results remain
unchanged for either choice of statistic. So from now on for the rest of our
analysis we adopt to use the mean statistics for computing the velocity residual
maps. Next, we consider the volume completeness of the data sample. Figure 3.11
shows the magnitude distribution of the GALAH and APOGEE Red Clump stars
(GADR14RC dataset) in V and H passbands. In the mid-plane region most of
the data is from APOGEE and there is a sharp fall around H = 12. Similarly,
GALAH contributes significantly to the off-plane slices and the distribution falls
off around V = 14, reflecting the survey selection function. This fall-off limit
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(mλ,max) is the faintest magnitude to which stars are observed completely (strictly
speaking we mean pseudo-random-complete or unbiased in distance selection)
and so we can also estimate the maximum distance this would correspond to by
modifying equation 3.1 as,
dmod,max ≤ mλ,max −Mλ − σMλ − Aλ. (3.16)
Using magnitude limits for each slice, extinction factor Aλ , absolute magnitude
Mλ and its dispersion σMλ from Table 2.2, we find dmax = 4 kpc for the mid-
plane and dmax = 3.25 kpc for the off-plane regions. These distance limits are
also visible in the scatter plots of Figure 3.3. In Figure 3.10(g,h) we apply the
d < 4 kpc distance cut, which removes the high-residual pixels (beyond xhc > 5
kpc) however, there is no noticeable change in the power spectrum compared to
Figure 3.10(g,h) as the amplitude is still at 9.3 km s−1. However, as a precaution,
we will continue with the distance limits for the rest of the figures.
Finally, we replace the B15 model with our flexible axisymmetric model from
subsection 3.4.3 and this has the effect of further reducing the power to 7.1 km s−1
in Figure 3.10(i,j). In Figure 3.10(k,l) we consider the residuals for the combined
dataset GADR14RC to increase the sample size and get essentially the same
power spectrum as in Figure 3.10(i,j) with lower amplitude of 6.3 km s−1. A
characteristic pattern of blue in first quadrant, red in second and yellow in third
as seen in previous cases is also visible here. To conclude, we find that in the
mid-plane after accounting for various systematics and a more flexible model the
power amplitude can be reduced significantly, though interestingly it cannot be
reduced to zero or to the level expected purely due to noise (pink region).
3.5.3 Off-plane slices and comparison with galaxia
We now also consider the off-plane (|z| > 0.25 kpc) slices of data and also com-
pare directly with mock realizations using galaxia. Once again, we use the
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GADR14RC dataset and the flexible globalRz model. In Figure 3.12, we show
the residual velocity maps, power spectra as well as the V φ profile for each slice.
To take the volume completeness of the sample into account, for the mid-plane
slice we have restricted the data to d < 4.0 kpc and for the off-plane slices to
d < 3.25 kpc.
As mentioned already in subsection 3.5.2, the peak power in the mid-plane is
around 6 km s−1 but moving away from the plane, the power drops (blue solid
lines) and is only slightly higher than that expected from noise (dashed lines and
the pink zone). Interestingly, the mock galaxia samples also predict this trend of
high power in the mid-plane but power that is lower and only slightly higher than
noise elsewhere. Note, the predicted power spectrum has intrinsic stochasticity
due to Poisson noise. So we generate 100 random realisations of the galaxia
samples and show the predicted 68% confidence zone as the green shaded region.
From these zones it is clear that, for galaxia samples, the maximum power
achieved in the mid-plane is 5.2+1.2−1.4 km s
−1. For other slices, for galaxia samples,
the green and pink zones are almost on top of each other. However, the maximum
power in observed data sets is higher by about 2 km s−1 as compared to galaxia
samples.
We note that for the observed data and the 0.75 < |z| < 1.25 slice the V φ
profile obtained using only line-of-sight motion traces well the V φ profile obtained
using both line-of-sight and proper motions. This suggests that, for this slice,
there is minimal systematic error associated with distance, proper motion or
line-of-sight velocities. However, for the other two slices which are closer to the
plane we do see differences. The slice closest to the plane shows most pronounced
deviations. The mock galaxia samples also show similar behavior. This is
most likely due to systematic errors in distances as discussed in subsection 3.5.1.
If there are systematic errors with distances then its effect on the inferred V φ
profile will be different depending upon if we infer the profile based on line-of-
sight velocities or both line-of-sight velocities and proper motions.
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The shape of the rotation profiles for the mock and observed data sets also
show differences. For the mock data, the V φ profile is predominantly flat across
all the slices. In contrast, for the observed data a clear variation with R is visible,
and the variation becomes more pronounced as we move further away from the
mid-plane. While our model is flexible enough to account for simple radial trends
in rotation curves, this flexibility can over fit the data if the spatial coverage is not
uniform. This is particularly a concern in the mid-plane where the coverage in
the (x, y) plane is not uniform, as there is a dearth of stars in the fourth quadrant.
This is because both APOGEE and GALAH have not observed enough stars in
the midplane and in the Southern Sky.
Basically the constraints on V φ for R < 8 kpc come from data in the first and
the fourth quadrant. As evidenced by the red and blue patches in Figure 3.6f,
the systematics in distances lead to incorrect values for the mean Vlos in the first
and the fourth quadrant. If data from only one quadrant is available the model
can adjust the value of Vφ for R < 8 kpc to fit the Vlos in that quadrant perfectly,
however this will not match the mean Vlos in the other quadrant. If the data from
the other quadrant was also available the model would not have the freedom to
do this, but in the absence of it the model over fits the data.
The galaxia samples are generated from a simulation for which the kine-
matics are known by design, so we can avoid over fitting a model which is similar
to the input model. The input model has kinematics as a function of age, but
since we do not have ages in the observed data, we approximate the kinematics
by Strom z model which is based on the Stro¨mberg equation and described in
subsection 3.4.3. In Figure 3.13, we employ this new fitting model Strom z for
galaxia and compare its results with that of globalRz model fitted to the ob-
served data. Overall the trends in velocity maps and the power spectrum for the
different slices are the same as in Figure 3.12, i.e., high power in the mid-plane
and negligible power away from the plane. The characteristic pattern of red in
first quadrant and yellow in third as seen in observed data for the midplane slice
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is also reproduced in the midplane slice of the simulated data. For the galaxia
samples there is a slight increase in the power by about 3 km s−1 for the Strom z
as compared to globalRz. This is not surprising, as the globalRz model is more
flexible and has more degrees of freedom than the Strom z model. Moreover, in
the plane globalRz model can overfit the data due to incomplete coverage of the
(x,y) plane.
In subsection 3.5.1, we showed that the presence of high mass RC stars can
contaminate the kinematics in the mid-plane and can give rise to high Vlos residu-
als. Figure 3.13(c,f) shows that if we remove this population, by restricting stars
to dRC/dtrue > 0.8, the excess power disappears. This suggests that the observed
excess power is spurious and is due to contamination from high mass stars whose
distances are underestimated. For the off-plane slices this additional cut makes
no difference as the density of high mass RC is negligible for these slices.
3.6 Discussion and Conclusions
Over the past few years several surveys have hinted at non-axisymmetric motion
in the disc of the Milky Way. Bovy et al. (2015) used Red Clump stars from
APOGEE to show velocity fluctuations of 11 km s−1 in the mid-plane region on
scales of 2.5 kpc. In this Chapter we have made use of all the APOGEE Red
Clump stars available up to date along with data from GALAH. Our results do
not dispute the presence of deviation from mean axisymmetric motion in the mid-
plane of the Galaxy. However, simulations using galaxia show that RC samples
are likely to be contaminated by intrinscially brighter Red Clump stars, these
stars are young and have high mass. Distance is underestimated for such stars.
Being young, such stars lie preferentially closer to the midplane. This has the
effect of contaminating the population at any given location with distant stars
in that direction whose kinematics is different. This results in strange features
when residual velocity maps are constructed in the (x, y) plane.
From Figure 3.10, we conclude that for the mid-plane slice the peak power
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pmax occurs at physical scales of k
−1 ≈ 3 kpc for the observed data, and is either
9.3 km s−1, using the original Bovy1 model, or 6.3 km s−1, using the more flexible
axisymmetric model globalRz. On the other hand, the simulations from galaxia
in Figures 3.12 and 3.13 show that the peak power is 8.1+2.0−1.5 km s
−1using the
Strom z model or 5.2+1.2−1.4 km s
−1with the flexible globalRz model. The peak in the
power spectrum is also at the same physical scale of 3 kpc for both the observed
sample and galaxia sample. We have also demonstrated that the power in
galaxia is due to contamination from young high mass Red Clump stars, as the
sample with dRC/dTrue > 0.8 does not show excess power. So we do expect the
high mass stars to contribute to the power in the observed data, but how much
is the contribution from real streaming motion is not obvious at this stage. The
streaming and spurious perturbations in the velocity field could be correlated
or uncorrelated. For the first case the streaming perturbations will add on to
spurious perturbations and will enhance the power linearly. This would mean that
the real streaming motion (observed peak power minus the average predicted peak
power by galaxia is less than 1.2 km s−1, adopting either StromR z or globalRz
as the reference model. Note, the observed fluctuations using the Bovy1 model
are best compared with galaxia predictions using the Strom z model, as both
models are inflexible models. If instead they are uncorrelated, we would expect
the contributions to be added quadratically (given that power is physically a
measure of dispersion), leading to an estimate of 4.6 km s−1 using StromR z and
3.6 km s−1 using globalRz.
In the mid-plane using the flexible globalRz model we have been able to reduce
the power from 9.3 to 6.3 km s−1. The red pattern in the first quadrant and the
yellow in the third are subdued. However, the blue pattern in second quadrant
still exists, which could be due to a real feature in the data.
For slices away from the plane, 0.25 < |z/kpc| < 0.75 and 0.75 < |z/kpc| <
1.25, we find that for the observed data the power decreases with height above
the plane and is no more than 5.1 km s−1. This rules out large non-axisymmetric
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streaming motion extending beyond the |z| > 0.25 kpc. The galaxia samples
also predict very little power (3 km s−1) for slices away from the plane. However,
the power in the observed data is higher than that predicted by galaxia by
about 2 km s−1. So, small streaming motion is not ruled out. Assuming streaming
motion to be uncorrelated with other effects, we estimate the power to be less
than 4.4 km s−1for 0.25 < |z/kpc| < 0.75 and less than 2.9 km s−1for 0.75 <
|z/kpc| < 1.25.
If the excess power in the observed data is real and not an artefact of high
mass clump stars, then it is interesting to consider the cause behind the decrease
of power with height. This could be indicative of the fact that it is much eas-
ier to excite streaming motion in young dynamically cold populations than old
dynamically hot populations.
We note that the analysis presented here has limitations when applied to data
away from the mid-plane. The average age of stars increases with height above
the plane due to the age scale height relation in the Galaxy. The mean azimuthal
motion depends upon age and hence is also a function of |z|. Now, if a slice
in |z| is not sampled uniformly in the (x, y, z) space, the mean residual motion
will show large variance just due to incomplete sampling. It is quite common
for spectroscopic surveys to have such incomplete sampling at high |z|, as they
observe in small patches across the sky. In such cases, one should always compare
the power spectrum of observed data with selection function matched mock data
which will correctly capture the power due to incomplete sampling.
Finally, Bovy et al. (2015), using their axisymmetric model, obtained a power
excess in the mid-plane region, of≈ 12 km −1 and strongly suggested that the LSR
itself is streaming at this velocity. They add this excess to the Scho¨nrich et al.
(2010) value for the Sun’s peculiar motion to give the new V ≈ 12.1+12.0 = 24.1
km s−1. Following our analysis, we suggest that the adjustment to V should be
no more than 4.2 km s−1, provided the excess power in the residual velocity field
is not due to high-mass Red Clump stars. Interestingly, Kawata et al. (2018b)
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using Gaia DR2 DR1 Cepheids also obtain V = 12.5±0.8 km s−1 i.e., consistent
with Scho¨nrich et al. (2010), although they do not assert it to be conclusive given
the small size of their sample.
We find that the spectro-photometric RC selection criterion given by Bovy
et al. (2014) is quite efficient at isolating the RC stars. Based on galaxia
simualtions, the criterion can isolate RC stars with a purity of 98%. We further
refined the criteria and made it purely based on spectroscopic parameters. How-
ever, we find that such selection criteria have a strong age bias, Red Clump stars
below 2 Gyrs are significantly underrepresented.
Looking further to the future, Gaia DR2 can resolve some of the questions
raised by our analysis. First, with accurate parallaxes from Gaia DR2, we can
confirm if the APOGEE Red Clump catalog contains high mass stars with un-
derestimated distances. If so, then does removing this population get rid of the
excess power in the residual velocity map? Moreover, with proper motion we can
construct and study velocity maps of Vφ, VR and Vz separately instead of just Vlos.
We can also make use of all type of stars and not just the Red Clump.
i
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Figure 3.9: Age distribution of galaxia RC stars with (1.8 < log g < 3.0) and
4300 < Teff/K < 5200. The RC stars are defined as stars having mass greater
than the RGB tip mass. The star formation is as in galaxia, which is almost
a constant star formation rate. a) The RC sample is selected based on simple
cuts in spectroscopic parameters (log g,Teff) as defined above. The overall age
distribution (blue curve) has a peak around 1.5 Gyr and this is dominated by stars
with MK > −2.0, while the brighter stars (orange curve) with MK < −2.0 peak
around 0.5 Gyr i.e., are much younger. b) The RC selection scheme as described
in chapter 2, is based on (Bovy et al., 2014) (B14) and shown in equations (2.1-
2.4) is now applied to sample in a). This removes contamination from secondary
clump stars (SRC) as well as the RGB bump and in the remaining RC sample,
the younger population stands out even more clearly with the majority being Age
< 1 Gyr old.
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Figure 3.10: Residual velocity maps and power spectrum for the observed data
in the |z| < 0.25 kpc slice. Shown are cases for different data sets, with different
radial cuts and kinematic models to illustrate the effect of systematics. (a-b)
Data used is APOGEE RC DR12 with stars restricted to radial distance d < 6
kpc, using median statistics to compute the residual and using Bovy’s analytical
model for the kinematics. (c-d) Same as a-b but with APOGEE RC DR14. (e-f)
Same as c-d but now residual is computed using mean statistics. (g-h) Same as
e-f but data restricted to d < 4 kpc to satisfy volume completeness. (i-j) Same
as g-h but we now apply the flexible 2d polynomial kinematic model named
as globalRz to show it reduces power. (k-l) We apply globalRz model to the
combined APOGEE DR14 and GALAH dataset that uses the new Red Clump
selection criteria and distance estimation scheme described in the paper.
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Figure 3.11: Magnitude distribution for GALAH and APOGEE Red Clump
datasets shown for different slices in z (kpc). The position where the magni-
tude distribution falls sharply sets the maximum distance upto which the stars
are unbiased in distance (pseudo volume complete). The magnitude limits are
shown by dotted vertical lines. For the off-plane slices the completeness limit
is V = 14 and set by the GALAH survey that dominates the number counts.
For the mid-plane slice the limit is H = 12 and set by APOGEE survey that
dominates the number counts.
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Figure 3.12: Residual Vlos velocity maps, power spectrum and V φ profiles for ob-
served and simulated data for different slices in z. The top three panels correspond
to GADR14RC while the bottom three panels correspond to mock galaxia. In
each case, the power spectrum corresponding to the velocity map is shown in blue,
the 1σ noise spread based on 20 random realisations in pink and median noise in
dotted black. For galaxia the green region represents the stochastic spread over
100 realisations, in power spectrum with the same selection function as data. We
find that except for the case of mid-plane the V φ profiles are captured well by
the globalRz models and the power spectrum of residual Vlos velocity approaches
noise with amplitude ≈ 2 km s−1.
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Figure 3.13: Residual velocity maps and power spectrum for observed and simu-
lated data. Left column shows results of the observed data. Middle column shows
results for data simulated with galaxia. Right column also shows results with
galaxia but when high mass stars with systematically underestimated distances
are removed. First and second rows are for |z/kpc| < 0.25, third and fourth are
for 0.25 < |z/kpc| < 0.75 and fifth and sixth are for 0.75 < |z/kpc| < 1.25. For
the observed data a 2d polynomial of degree 3 (nine coefficients) is employed
to create the residual velocity map. For simulated data the kinematic model is
based on the Stro¨mberg equation and is known a priori.
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Chapter 4
The GALAH survey and Gaia
DR2: Linking ridges, arches and
vertical waves in the kinematics
of the Milky Way
4.1 Abstract
Gaia DR2 has revealed new small-scale and large-scale patterns in the phase-
space distribution of stars in the Milky Way. In cylindrical Galactic coordinates
(R, φ, z), ridge-like structures can be seen in the (R, Vφ) plane and asymmetric
arch-like structures in the (VR, Vφ) plane. We show that the ridges are also clearly
present when the third dimension of the (R, Vφ) plane is represented by 〈z〉, 〈Vz〉,
〈VR〉, 〈[Fe/H]〉 and 〈[α/Fe]〉. The maps suggest that stars along the ridges lie
preferentially close to the Galactic midplane (|z| < 0.2 kpc), and have metallicity
and α elemental abundance similar to that of the Sun. We show that phase
mixing of disrupting spiral arms can generate both the ridges and the arches.
It also generates discrete groupings in orbital energy − the ridges and arches
are simply surfaces of constant energy. We identify 8 distinct ridges in the Gaia
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Figure 4.1: New substructure revealed by Antoja et al. (2018) using Gaia DR2.
a) The (R, Vφ) plane shows diagonal substructures called ‘Ridges’. Stars are
selected to lie in (|φ − 180.0◦| < 25◦)&(|R − R|/kpc < 3.5). b) The (VR, Vφ)
plane shows curved substructures called ‘Arches’. Stars are selected to lie in
(|φ−180.0◦| < 25◦)&(|R−R|/kpc < 0.25). The colorbars represent logarithmic
density.
DR2 data: six of them have constant energy while two have constant angular
momentum. Given that the signature is strongest for stars close to the plane, the
presence of ridges in 〈z〉 and 〈Vz〉 suggests a coupling between planar and vertical
directions. We demonstrate, using N-body simulations that such coupling can be
generated both in isolated discs and in discs perturbed by an orbiting satellite
like the Sagittarius dwarf galaxy.
4.2 Introduction
The second data release of the Gaia astrometric mission (DR2 : Gaia Collabora-
tion et al., 2018a) has heralded a new era in the field of Galactic dynamics. The
rich dataset provides position, parallax and proper motion (α, δ, ω, µα, µδ) for over
a billion stars at unprecedented precision (e.g., σµ ≈ 10 micro-arcseconds yr−1 for
G < 14). In addition, a subset of the full dataset includes line-of-sight velocities
from the Radial Velocity Spectrometer (Gaia DR2 RVS, Soubiran et al., 2018)
for about 7 million stars, thus providing full 6D phase-space information for this
sample. The sheer number of objects covered by Gaia DR2, combined with its
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high precision, allows us to map the Galaxy’s kinematics in a volume more than
an order of magnitude larger than that covered by Hipparcos (Perryman et al.,
1997).
The revelation of multiple new stellar streams (Malhan et al., 2018; Price-
Whelan & Bonaca, 2018), evidence of non-axisymmetry through substructure in
velocity (e.g., Gaia Collaboration et al., 2018b; Trick et al., 2019a), inter alia,
have all helped build a good consensus that the Galactic disc is far from being in
dynamic equilibrium. Particularly remarkable was the discovery made by Antoja
et al. (2018, A18 hereafter), which revealed a spiral pattern in the (z, Vz) plane
density around the Solar neighbourhood, the so-called phase-spiral1 (their Fig.
1). The phase-spiral, seen most strongly when color coded by Vφ, is thought to be
a signature of the Galaxy relaxing from a disturbed state, through phase-mixing.
Using toy models, both A18 and Binney & Scho¨nrich (2018) suggested that the
phase-spiral was evidence of the Galaxy’s interaction with the Sagittarius dwarf
galaxy (Sgr), and further constrain the last impact to about 0.5 Gyr ago. Recent
N-body simulations (e.g., by Bland-Hawthorn et al., 2019; Laporte et al., 2019)
have shown that tidal interaction with Sgr can indeed reproduce the phase-spiral
seen in Gaia DR2, and suggest a similar or younger timescale for the interaction.
However, Khoperskov et al. (2018) have shown that the phase-spirals can also
be generated through an entirely internal mechanism. In their simulations, they
show that the buckling of the Galactic bar can generate bending waves in the
disc. This is able to create the phase-spiral, and the wave takes about 0.5 Gyr to
travel to the outer disc (∼10 kpc). The spirals survive well after the end of the
buckling phase, where these bending waves are supported by the disc self-gravity.
These results show that it is non-trivial to distinguish between an internal or an
external perturbation.
1This feature has been variously referred to as the phase-plane spiral (Binney & Scho¨nrich,
2018) and the phase-space spiral (e.g. Khoperskov et al., 2018). Consistent with the traditional
use of “phase mixing” rather than “phase-space mixing,” we adopt the more compact language
of phase-spiral (e.g. Bland-Hawthorn et al., 2019). The distinctive phase pattern has also been
described as the “snail” or “snail shell” (A18).
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Table 4.1: Data quality cuts on GALAH DR2.
Selection Comments
9 < VJK < 14 -
0≤ Field id < 7339 Excludes data without proper selection
function
A18 also revealed that the (R, Vφ) space has substructure in the form of di-
agonal ridges (Figure 4.1a) and that the (VR, Vφ) space has arches (Figure 4.1b),
some of which are asymmetric about the VR = 0 line. They suggest that arches
are just the projection of ridges in the (VR, Vφ) velocity space; however, ridges
can also be present without any arches. Ramos et al. (2018) identified some of
the (VR, Vφ) arches and traced their median Vφ at different Galactocentric radii
R, suggesting that the arches and ridges are linked.
We show that physical understanding of the connection between the ridges
and arches is still missing. Moreover, any connection between these dynamical
excitations and the phase-spiral has yet to be clearly established. All of these
phenomena have distinct properties (amplitudes, wavelengths, etc.) and their
unification is the topic of a later paper.
Several models using various simulation techniques have been proposed to ex-
plain the ridges and arches. Most models explain either the ridges or the arches,
but not necessarily both. Resonant scattering by non-axisymmetric features ro-
tating with a fixed pattern speed, e.g., the bar or spiral arms, has been shown to
generate arches. Dehnen (2000) showed that one prominent asymmetric arch and
two other weak arches can be developed by a bar, which has since been demon-
strated by several other simulations (e.g., Antoja et al., 2014; Monari et al.,
2017a; Hunt & Bovy, 2018; Hattori et al., 2019; Pe´rez-Villegas et al., 2017). A18
further showed that resonance with a bar can also generate ridges, but only one
or possibly two ridges can be seen in the solar neighborhood as compared to the
many seen in Gaia DR2. More recently, simulations by Fragkoudi et al. (2019b)
also showed that the outer Lindblad resonance of the Galactic bar could give rise
to one of the prominent ridges in the (R, Vφ) plane and a Hercules-like feature in
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the (VR, Vφ) plane.
Phase-mixing models have also been used to explain these kinematic features.
In such models, test particle simulations are employed. Test particles are set up
to mimic a perturbation and are then evolved in a Milky Way-like potential. A18
showed that ridges can be generated using a horizontal phase-mixing model, but
did not show if they lead to arches. Moreover, the physical motivation for the
model was also not made clear. Minchev et al. (2009) showed that phase wrapping
after interaction with a dwarf galaxy can produce multiple arches in the (VR, Vφ)
plane, similar to those seen in the solar neighbourhood (see also Go´mez et al.,
2012), but they do not explore the occurrence of ridges.
This raises an interesting question: is the impact with a dwarf galaxy necessary
to see multiple ridges? Quillen et al. (2018) point out that the arches seen in Gaia
DR2 are tilted about the VR = 0 line, but those generated by the phase-wrapping
model of Minchev et al. (2009) are symmetrical. They propose that a model
in which the stars that have recently crossed spiral arms at their apocenter or
pericenter can explain the asymmetric arches; however, they do not study the
ridges.
Hunt et al. (2018b) consider a potential with 2D transient spiral arms that
wind up over time, and using the backward integration technique of Dehnen
(2000), show that this perturbation can give rise to features such as the Hercules
stream in the (VR, Vφ) plane, as well as multiple ridges in the (R, Vφ) plane, and
multiple asymmetric arches. Transient spiral arms have been shown to develop in
self-gravitating disc simulations (Sellwood, 2011). This sets up the motivation to
look for ridges and arches in simulations of this kind. Quillen et al. (2011) showed
that asymmetric arches can be generated in self-gravitating N-body simulations,
but did not study the ridges in (R, Vφ). Laporte et al. (2019) studied N-body
simulations involving interaction with a dwarf galaxy, and were able to generate
ridges in (R, Vφ), but only one arch or moving group could be seen in the (VR, Vφ)
plane. An interesting question to ask is whether the source of the ridges and
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arches is internal or external, and how we could distinguish between the two.
Can a phase-mixing model motivated by transient spiral arms explain multiple
ridges and multiple asymmetrical arches?
Vertical waves have also been reported in the Gaia DR2 data (e.g., Gaia
Collaboration et al., 2018b; Bennett & Bovy, 2019). Already with the limited
coverage of Gaia-TGAS, Scho¨nrich & Dehnen (2018) and Huang et al. (2018)
found that the vertical velocity in the solar neighborhood varies with angular
momentum Jφ. They found a large-scale trend of Vz increasing monotonically
with Jφ, which is a signature of the Galactic warp. Superimposed on this large-
scale trend, they also found undulations (or corrugations) indicative of a wave-like
pattern. Undulations in the profile of Vz as a function of Galactocentric radius R
were also reported by Kawata et al. (2018a). Go´mez et al. (2013) and D’Onghia
et al. (2016) both show that undulations in the Vz(R) profile can be seen in N-
body simulations involving interaction with Sgr. However, the variation of Vz as
a function of angular momentum was not studied. Are these vertical waves linked
to ridges and arches? Can these vertical waves be seen in simulations with or
without the interaction of Sgr? This is a question we attempt to address.
In this Chapter, we revisit the (R, Vφ) ridges seen in Gaia DR2. First, we
dissect and characterize the ridges using radial velocity, vertical height, and ver-
tical velocity. Furthermore, we explore the nature of ridge stars by considering
elemental abundances from GALAH and relate this to the nature of the pertur-
bation itself. Next, we simulate phase mixing of spiral arms and show how this
model can be used to understand the connection between the (R, Vφ) ridges and
the (VR, Vφ) arches. Finally, we carry out N-body simulations of the Galactic
disc, both with a Sgr-like perturber and without any perturber and study the
phase-space features in these simulations and compare them with those seen in
Gaia DR2.
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4.3 Data set and methods
We adopt a right-handed coordinate frame in which the Sun is at a distance of
R = 8.2 kpc from the Galactic center (Bland-Hawthorn & Gerhard, 2016), con-
sistent with the new ESO Gravity measurement (Gravity Collaboration et al.,
2018), and has Galactocentric coordinates (X, Y, Z) = (−8.2, 0, 0.25) kpc. The
cylindrical coordinate angle φ = tan−1(Y/X) increases in the anti-clockwise di-
rection, while the rotation of the Galaxy is clockwise. The heliocentric Cartesian
frame is related to Galactocentric by Xhc = X +R, Yhc = Y and Zhc = Z. Xhc
is negative toward ` = 180◦ and Yhc is positive towards Galactic rotation. For
transforming velocities between heliocentric and Galactocentric frames we use
(X˙, Y˙, Z˙) = (U,ΩR,W). Following Scho¨nrich et al. (2010), we adopt
(U, V,W ) = (11.1, 12.24, 7.25) km s−1, while for the azimuthal component we
use the constraint of Ω = 30.24 km s−1kpc−1 which is set by the proper motion
of Sgr A*, i.e., the Sun’s angular velocity around the Galactic center (Reid &
Brunthaler, 2004). This sets the rotation velocity at the Sun to Vφ, = −248 km
s−1, and thus the circular velocity at the Sun to Vc, = −236 km s−1. We now
describe the astrometric and spectroscopic data that we use in this work and the
quality cuts that we apply on them.
4.3.1 Gaia DR2 RVS sample
In this Chapter we make use of the Gaia DR2 radial velocity sample (Gaia DR2
RVS) which provides full 6D phase space information (α, δ, ω, µα, µδ, Vlos). We
selected stars with positive parallax and with parallax precision σω/ω < 0.2,
which gave a sample of 6, 376, 803 stars. The SQL query used to generate the
sample is given in section A.2. We estimated distance as 1/ω, which is reasonably
accurate for our selected stars and for the purpose of this paper (Luri et al., 2018).
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Table 4.2: Parameters for the isolated Galaxy (Model P). Column headers are as
follows: Mt := total mass (10
9 M); rs := scalelength (kpc); rtr := truncation
radius (kpc); Np := number of particles (10
6).
Profile Mt rs rtr Np
Galaxy
DM halo H 103 38.4 250 10
Bulge H 9 0.7 4 1
Thick disc MN 20 5.0a 20 2
Thin disc Exp/Sech 28 3.0b 20 3
Notes. H := Hernquist (1990) profile; MN := Miyamoto & Nagai (1975a)
profile; Exp := radial exponential profile.; Sech := vertical sech2z profile.
ascaleheight set to 0.5 kpc.
bscaleheight set to 0.3 kpc.
4.3.2 GALAH DR2 sample with elemental abundances
The spectroscopic data used here is taken from an internal release of GALAH
DR2, which includes, public data (Buder et al., 2018, DR2 ), and fields observed as
part of the K2-HERMES (Wittenmyer et al., 2018) and TESS-HERMES (Sharma
et al., 2018) programs. To maintain the survey selection function, we have applied
the quality cuts summarised in Table 4.1, which gives a total of 465870 stars cross-
matched with Gaia DR2. This internal release includes non-LTE corrections on
[Fe/H] but not on [α/Fe]. For the kinematics of this dataset, we make use of the
parallax and proper motion (ω, µα, µδ) from Gaia DR2, but use the highly precise
radial velocities from GALAH, which have typical error of 0.1 km s−1 (Zwitter
et al., 2018). Since we are mainly interested in nearby stars, we restrict our
GALAH sample only to dwarfs, by applying a surface gravity cut of (log g> 3),
which results in a final sample of 258,289 stars. This avoids any issues related to
systematic errors in stellar parameters between dwarfs and giants.
92
Table 4.3: N-body models and properties of the perturber . Column headers
are as follows– Mtot: total mass (10
9 M); Mtid : tidal mass (109 M); rtr :
truncation radius of dark matter in kpc; Np : number of particles (10
5 and v0:
approximate initial orbital speed in km s−1. See the notes below the table for
more information.
Model Mtot Mtid rtr Np v0
P (unperturbed/isolated galaxy) 0
S (intermed. mass, one transit) 50 30 19 1 360
R (high mass, one transit) 100 60 24 2 372
Notes. Both the DM halo and the stellar component are initially modelled
as Hernquist spheres with rs = 9.8 kpc and rs = 0.85 kpc, respectively. The
mass of the stellar component is 4 × 108 M in either case, split among
4× 104 particles.
4.3.3 Phase mixing simulations
To understand the origin of the phase-space substructures like ridges and arches,
we perform simulations in which spiral arms phase mix and disrupt over time.
The simulations are motivated by the desire to mimic the effect of transient spiral
arms. For this we consider an initial distribution of particles confined to four thin
spiral arms. The ith arm is setup as an Archimedean spiral, with azimuth:
φ =
1
b
(r − a) + ipi
2
, (4.1)
where, 0 < a < 2pi controls the orientation of the spiral, b = pi/10 controls
the tightness of the winding, and r = R/8 kpc. The radial distribution was
assumed to be skew normal with skewness of 10, location parameter of 4 and
scale parameter of 6. This is to ensure that there are enough particles in the
Solar neighbourhood-like volume. The radial velocity was sampled from N (0, 20)
and the azimuthal velocity from N (Θ(R), 20), where Θ(R) denotes the circular
velocity. For simplicity, the particles were set up in the midplane with zero vertical
velocity. A total of 640,000 particles were evolved for 650 Myr with galpy (Bovy,
2015) using the MWPotential2014 potential, consisting of an axisymmetric disc,
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a spherical bulge and a spherical halo. The set up is similar to Antoja et al.
(2018), but they start with stars arranged in a single line as compared to four
spiral arms used by us. A set of movies showing the evolution of the system is
hosted here, at the online version of the paper on MNRAS, and also on YouTube.
4.3.4 N-body simulations
Another approach that we adopt, in order to gain insight into the origin of
phase-space substructures, is the use of N-body simulations of a multi-component
Galaxy. Ideally, we would like to carry on a detailed modelling of every compo-
nent of the Galaxy, both collisionless (e.g. dark matter and stars) and gas. This
is, however, not feasible as it is both computationally expensive and non-trivial to
do. We adopt a common, simplifying assumption: we assume that a pure N-body
(rather than a full N-body, hydrodynamical) model is sufficient for our purposes.
We caution that neglecting the gas components in these type of experiments may
not always be appropriate (see e.g. Tepper-Garc´ıa & Bland-Hawthorn, 2018).
We consider here the following two scenarios as the plausible origin of the
ridges: i) instabilities internal to the Galaxy; and ii) tidal (external) interactions.
In consequence, we focus our attention on one representative model for each
of these. On the one hand, we simulate the evolution of an isolated Galaxy
starting from some prescribed initial conditions (see below). On the other hand,
we simulate how the stars behave in a Galaxy that has been tidally perturbed
by the interaction with a smaller system. It has been suggested that Sgr may lie
behind many of the kinematic features revealed by Gaia DR2 (e.g. Antoja et al.,
2018; Binney & Scho¨nrich, 2018; Laporte et al., 2019; Bland-Hawthorn et al.,
2019). It therefore seems natural in our case to simulate the interaction of the
Galaxy with a Sgr-like perturber.
Our isolated model Galaxy consists of four collisionless components: a host
DM halo; a stellar bulge; a thick stellar disc; and a thin stellar disc. We refer to
this model as the ‘isolated’ model (Model P); see Table 4.2 for details of this model
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Figure 4.2: Study of the (R, Vφ) plane with Gaia DR2 RVS. We select stars in
the region (|φ − 180◦| < 25◦) & (|R − R|/kpc < 3.5). Heat maps of various
quantities are shown; a) probability density of Vφ conditional on R (p(Vφ|R))
b) mean radial motion 〈VR〉c) mean vertical motion 〈Vz〉 d) mean absolute dis-
tance from the plane |z| and e) distance from the plane z. The white dot-
ted curves represent constant energy for values of -0.112, -0.021, & 0.097 for
(E − Ecirc(R))/V 2circ(R). Black curves represent constant angular momentum,
Lz = (1350, 1600, 1800, 2080) kpc km s
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Figure 4.3: Profiles of different quantities as a function of energy for stars in
(|R − R| < 1.0)&(|φ − φ| < 25). a) Density distribution along with best
fit skewed normal distribution (green line). b) Residual of density after sub-
tracting a skewed normal distribution. c) Median vertical velocity d) Median
vertical distance above the plane. e) Median absolute value of distance from the
plane. f) Radial velocity. The vertical dotted lines mark the location of peaks at
[−0.300,−0.204,−0.156,−0.112,−0.021, 0.097, 0.189, 0.267]. The peaks are ap-
proximately regularly spaced with mean separation of 0.095, except for the peak
at -0.156 corresponding to the Hercules stream.
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Galaxy. Note that the values for structural parameters (scalelength, scaleheight,
etc.) are only consistent with the range of values inferred from observations
(Bland-Hawthorn & Gerhard, 2016). We assume the distribution of stars in the
thick disc is well approximated by a Miyamoto & Nagai (1975b) (MN) profile.
This choice, and its corresponding parameter values, are founded on the work
of Kafle et al. (2014), who use precise stellar kinematic information to infer the
mass distribution of the Milky Way, assuming that total stellar disc component
is well described by a single MN component. They obtain a scalelength and
scaleheight of 5 kpc and 0.5 kpc, respectively. Note that Bland-Hawthorn &
Gerhard (2016) provide instead mean value of 2 kpc and 0.9 kpc, respectively,
which is however predicated by the assumption that the mass distribution in the
(thick) stellar disc be well described by an exponential profile. Our adopted values
are consistent with the fact that the scalelength of a MN may differ by a up to
factor of ≈2 compared to the scalelength of an equivalent exponential disc (Flynn
et al., 1996) and that the exponential scaleheight can differ, potentially by the
same factor of 2, from the MN scaleheight and that the exponential scaleheight
can differ, potentially by the same factor of 2,from the MN scaleheight (Smith
et al., 2015). For the thin disc we adopt a scalelength and a scaleheight of 3 kpc
and 0.3 kpc, respectively. These values agree well with the mean values quoted
by Bland-Hawthorn & Gerhard (2016). Our adopted mass for the thin disc is
well within the range inferred from observations. The adopted mass for the thick
disc is higher than quoted by Bland-Hawthorn & Gerhard (2016). However, it
should be noted that our adopted value corresponds to the mass integrated out
to 20 kpc. A lower mass is obtained if truncating the disc at a smaller radius.
Nevertheless, the total stellar disc mass is consistent with other estimates (e.g.,
Bovy & Rix, 2013). Overall, our choices of component profiles and the values of
their corresponding parameters define a valid model for the Galaxy, comparable
to the model successfully adopted by others in numerical studies (e.g., Chequers
et al., 2018).
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Our interaction models consist essentially of a two-component (DM, stellar
spheroid) system orbiting an initially isolated Galaxy along an (unrealistic) hy-
perbolic orbit. The reason for choosing such an orbit rather than a more realistic
orbit for the perturber is that, as we have shown previously (Bland-Hawthorn
et al., 2019), each passage of Sgr across the Galactic plane washes out the kine-
matic signatures of its previous crossing, thus limiting the time span available
between crossings. In contrast, by adopting a hyperbolic orbit we ensure that
Sgr transits the Galactic plane (disc) once only, thus facilitating the analysis of
its effect on the Galactic stars.
We consider perturbers with total masses of 5 or 10× 1010 M, spanning the
mid-to-high range of plausible Sgr masses at infall (e.g Niederste-Ostholt et al.,
2010). Both the stellar system and the dark halo are modelled as truncated
Hernquist (1990) spheres. Their scale radii are initially set at 0.85 and 10 kpc,
respectively. The stellar system is initially truncated at 2.5 kpc while the trun-
cation radius of the dark halo is listed in Table 4.3. A simulation with each of
these masses was started with the perturber at (x, y, z) = 20.8, 0., 45.5) kpc on
an orbit of eccentricity e = 1.3 (hyperbolic) and pericentric distance 10 kpc.2
Two key requirements on these type of simulations, imposed by the exquisite
detail on the kinematics of stars revealed by the data, are the mass resolution
(or particle number) and the limiting spatial resolution. The latter has to be
low enough to allow for a correct simulation of the evolution of the dynamically
coldest stellar component within |z| < 0.2 kpc. The former needs to be high
enough to allow for a dense enough sampling of the (R, Vφ).
We choose values for the particle number and spatial resolution such that we
fulfill these requirements while keeping the computational cost of the simulations
reasonably low. More specifically, we set the limiting spatial resolution at 30 pc,
to be compared with 300 pc, the (initial) scaleheight of the cold stellar disc, which
is the smallest length scale in our simulation. The adopted particle number varies
2The exact initial initial velocities for model R and model S was (vx, vy, vz) = (−267, 0,−260)
km s−1 and (vx, vy, vz) = (−258, 0,−251) km s−1, respectively.
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from component to component, depending on the total mass of the component
and the corresponding particle mass; as per our above discussion, the thick and
thin stellar discs have been assigned the absolute highest particle number (see
Table 4.2).
The simulations’ axisymmetric initial conditions, i.e. the particles’ positions
and velocities for each component were assigned by the technique of Springel
et al. (2005) as implemented in the dice code (Perret et al., 2014). In doing so,
all the components are intended to be in dynamical equilibrium with the total
potential of the compound system. However, in reality they will in general be
slightly out of equilibrium (e.g. Kazantzidis et al., 2004), and even an isolated
Galaxy disc will develop some small-scale structure, such as rings and transient
spirals. While usually an unwanted numerical artifact in experiments like ours,
here we actually need these instabilities in order to investigate their effect on
the stellar phase-space kinematics. In real galaxies, such transient features will
develop as well, but for reasons yet to be fully understood.
The evolution of the system3 in each case is calculated with the adaptive
mesh refinement (AMR) gravito-hydrodynamics code Ramses (version 3.0 of the
code described by Teyssier, 2002). Simulation data are stored at approximately
∆τ =10 Myr intervals. A set of movies showing the evolution of the system in
each model are provided at Gaia-GALAH-phase-spiral.
4.4 Results
We begin by studying the (R, Vφ) plane using the observed data. Next we compare
the observed results with predictions from two type of simulations, phase mixing
simulation of disrupting spirals and disc N-body simulations. This is followed by
a study of the (VR, Vφ) plane and subsequently the (R, VR) plane. In both cases
we compare the observed results with the predictions from the simulations.
3The dice and Ramses configuration files used to create our initial conditions and to setup
our simulations, respectively, are freely available upon request.
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4.4.1 Analysis of the (R, Vφ) plane using the observed data
4.4.1.1 Dissection in kinematics and vertical height with Gaia
Antoja et al. (2018) revealed the diagonal ridge-like structures in the (R, Vφ) den-
sity distribution. In this section, we further explore this plane using kinematics
and vertical height. In Figure 4.2, we show results using the Gaia DR2 RVS
sample. We select stars with (|φ− 180◦| < 25◦) & (|R−R|/kpc < 3.5).
Figure 4.2a shows the density distribution 〈VR〉 in the (R, Vφ) plane. Multiple
diagonal ridges are clearly visible, extending between 6 < R/kpc < 12. Ridges
are prominent at R = 8.2 kpc, but seem to fade away as we move away from
the solar radius, this is because, as we move away from the Sun there is a fall in
number density of stars and an increase in uncertainty in R and Vφ. Figure 4.2b
shows a map of 〈VR〉 in the (R, Vφ) plane. The ridges are more prominent and
are visible even at large distances from the solar neighborhood. They appear at a
similar location to that in the density map in Figure 4.2a). Stars along the ridges
are moving either radially outward or inward, with respect to the background
distribution, with 〈VR〉≈ 10 km s−1.
Next we explore the properties of the ridges in the vertical direction. Fig-
ure 4.2c shows a map of 〈Vz〉 in the (R, Vφ) plane. The ridge structure can again
be seen but it is weaker as compared to the 〈VR〉 map. Three ridges are clearly
visible and the 〈Vz〉 associated with the structures is about 2 km s−1. Figure 4.2d
shows (R, Vφ) mapped by 〈|z|〉, i.e., the mean of the absolute distance from the
mid-plane of the disc. The ridges are primarily composed of stars that lie close
to the Galactic plane (|z| . 0.2 kpc), as indicated by the distinctive dark color.
It is important to note that if stars at all heights above the plane participated
in the ridges, the |z| map in Figure 4.2d would be completely featureless. This
preferential distribution must thus be linked to the nature of the perturber re-
sponsible for the ridges. Three ridges are also visible in the map of 〈z〉, i.e. the
mean distance from the plane (Figure 4.2e).
We have overplotted curves of constant angular momentum (black dotted
101
10 0 10
X [kpc])
10
0
10
Y 
[k
pc
]
(a)
 = 0.0 Myr
Phase-Mixing
10 0 10
X [kpc])
(b)
 = 165.0 Myr
10 0 10
X [kpc])
(c)
 = 329.0 Myr
10 0 10
X [kpc])
(d)
 = 494.0 Myr
5.0 7.5 10.0
R [kpc]
150
200
250
300
-V
 [k
m
 s
1 ]
(e)
5.0 7.5 10.0
R [kpc]
(f)
5.0 7.5 10.0
R [kpc]
(g)
5.0 7.5 10.0
R [kpc]
(h)
5.0 7.5 10.0
R [kpc]
150
200
250
300
-V
 [k
m
 s
1 ]
(i)
5.0 7.5 10.0
R [kpc]
(j)
5.0 7.5 10.0
R [kpc]
(k)
5.0 7.5 10.0
R [kpc]
(l)
5.0 7.5 10.0
R [kpc]
0.4
0.2
0.0
0.2
0.4
(E
E c
irc
(R
))/
V
2 cir
c(R
)
(m)
5.0 7.5 10.0
R [kpc]
(n)
5.0 7.5 10.0
R [kpc]
(o)
5.0 7.5 10.0
R [kpc]
(p)
10 2
10 1
100
De
ns
ity
10 2
10 1
100
De
ns
ity
15
10
5
0
5
10
15
<V
R
 - 
V R
 >
  
[k
m
 s
1 ]
10 2
10 1
100
De
ns
ity
Figure 4.5: Evolution of stars in the phase mixing simulation (subsection 4.3.3).
Panels (a,b,c,d) show the density in xy plane for five different time snapshots.
Panels(e-h) show p(Vφ|R), the probability density of Vφ conditional on R. Panels
(i,j,k,l) show the (R, Vφ) plane mapped by 〈VR〉. Panels (m,n,o,p) show the total
energy against R. For panels(e to p), stars are selected in (|R − R|/kpc <
5.0)&(|φ− φ| < 25◦), indicated by the locus in Panels (a-d).
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lines) at Lz = [1350, 1600, 1800, 2080] kpc km s
−1 and curves of constant orbital
energyE (white dashed lines) at (E−Ecirc(R))/V 2circ(R)= [−0.112,−0.021, 0.097].
The energy was evaluated using the MWPotential2014 potential in galpy (Bovy,
2015). Both curves decrease with R and resemble ridges, and hence either of
these physical quantities can be used to label the ridges. The difference between
the two is that the constant energy curves are straight lines but the angular
momenta ones are not. From these plots, it is difficult to say if the ridges are
constant energy or constant angular momentum, we revisit this issue later in
subsection 4.4.2.
We have shown that the ridges are present in maps of density, kinematics
and vertical height. We now investigate if the ridges in the maps of different
quantities are correlated with each other. For this we select stars in a narrow
range in R and then study the one dimensional profiles of various quantities as a
function of orbital energy E (Figure 4.3). We choose E instead of Vφ as ridges are
well approximated by curves of constant energy. We use the MWPotential2014
potential in galpy to compute the energy (Bovy, 2015). Instead of directly using
E, we use the dimensionless form given by E ′ =(E−Ecirc(R))/V 2circ(R), where
Vcirc is the circular velocity at a given radius, and Ecirc is the energy of a star in
a circular orbit at (R, z) = (R, 0). Figure 4.3(a,b) show the density profiles. At
least 8 peaks can be identified and these are marked with vertical dotted lines.
The peak at E ′ = −0.156 corresponds to the Hercules stream and is shown with
a different color. Figure 4.3(c) shows the profile of mean vertical velocity. A
large-scale trend of increase in Vz with E can be seen similar to Scho¨nrich &
Dehnen (2018) who studied Vz as a function of L. Note, for a given R and VR, E
increases monotonically with L, and here the range of R is almost constant and
VR is small. This large-scale trend of Vz is due to the warp.
Besides the large-scale trend, peaks at E ′ = [−0.021, 0.097] can also be seen.
The location of these peaks matches with peaks seen in density. Figure 4.3(d)
plots median vertical distance z. There is no large-scale trend, but 3 peaks
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(E ′ = [−0.21, 0.097, 0.189]) are clearly identifiable and they match with the peaks
in density. Two of the peaks also match with peaks in Vz. Figure 4.3(e) shows
the median value of −|z|. Almost all density peaks have a corresponding peak in
this plot, which is a reflection of the fact that the stars in the density peaks lie
close to the Galactic plane. Finally, Figure 4.3(f) shows the profile of median VR.
Although all peaks do not match in location with all peaks in density, however,
for each undulation in the profile of density there is an undulation in VR. This
indicates that VR and the density peaks are strongly correlated with each other.
Note, a consequence of VR peaks not matching up with density peaks is that stars
in a ridge are not symmetrically distributed about VR, and arches in the (VR, Vφ)
plane show such a behaviour.
4.4.1.2 Dissection in elemental abundances with GALAH
We now study the elemental abundance in the (R, Vφ) plane. In Figure 4.4a,
(R, Vφ) is mapped by [Fe/H]. For the region 200<Vφ/km s
−1<250 the back-
ground metallicity is around [Fe/H]≈ −0.1, reflecting the local ISM around the
solar neighbourhood which is sub-solar (Nieva & Przybilla, 2012). The ridges in
this region however, are mainly composed of solar metallicity stars, with typi-
cal [Fe/H]≈0.03. In Figure 4.4b (R, Vφ) is mapped by [α/Fe]. The ridges stand
out as a population with [α/Fe]≈ 0.05 (close to solar values). This is consistent
with the ridges being made of stars that lie predominantly in the plane. Stars
close to the plane are younger, and young stars are metal rich and alpha-poor
(age-scaleheight and age-metallicity relations, e.g., Mackereth et al., 2017).
Beyond LZ= 2080 kpc km s
−1 there is a sharp cut-off in metallicity (black
dotted curve, Figure 4.4a). This region is dominated by relatively metal-poor
stars with typical [Fe/H] ≈ −0.3, and is also alpha-enhanced around [α/Fe]≈ 0.1
(Figure 4.4b). This suggests that the origin of these stars is different from those
along the ridges. LZ> 2080 kpc km s
−1 corresponds to a guiding radius RG > 9.5
kpc (assuming a flat rotation curve). These stars thus belong to the outer disc and
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their low metallicity is consistent with the Galaxy’s negative metallicity gradient
with R (Hayden et al., 2014).
Similarly, stars at the bottom of Figure 4.4(a,b) with Vφ< 150 km s
−1 also
show a sharp change in abundances. These stars have large asymmetric drift,
are rotating slowly, and have [α/Fe] > 0.14 and [Fe/H] < −0.4. These properties
are consistent with that of the traditional thick disc, which is metal-poor, alpha-
enhanced, and kinematically hot (Bensby et al., 2014; Duong et al., 2018).
4.4.2 Analysis of the (R, Vφ) plane using a phase-mixing
simulation
We now consider a toy model of phase mixing similar to that used by Antoja et al.
(2018) to explain some of the features seen in the (R, Vφ) plane. We consider an
initial distribution of particles confined to four thin spiral arms; in Antoja et al.
(2018) the particles were confined to a single line. The particles are then evolved
in time under a multi-component analytic potential. The simulation is designed to
mimic phase mixing of perturbations caused by transient spiral arms (for further
details see subsection 4.3.3).
The distribution of stars in the (X, Y ) and the (R, Vφ) planes are shown in
Figure 4.5 for four different snapshots in time. Also shown are maps of 〈VR〉 in
the (R, Vφ) plane; see Figure 4.5(i-l). As we move forward in time, the spiral
pattern decays (Figure 4.5(a-d)), and the ridges start to form and they increase
in number and become more stretched and therefore thinner (Figure 4.5(e-h)).
The ridges can also be seen in maps of 〈VR〉. The ridges are approximately linear
in the (R, Vφ) plane and resemble lines of constant angular momentum. The
appearance of the ridge structure is a consequence of phase mixing and can be
understood in terms of Liouville’s theorem, which states that the full phase-space
density (or volume) of a system evolving in a fixed potential is conserved. In the
case of our simulation, the phase space is made of (X, Y, VX , VY ). Initially the
density in the (X, Y ) space is high while that in (VR, Vφ) space is low. As the
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Figure 4.6: Distribution of stars in (R,E) and (R, Jφ) space for; a) Gaia DR2,
and b) phase mixing simulation of a single spiral arm after an evolution of τ = 650
Myr. In Gaia DR2 data some ridges have constant angular momentum while some
have constant energy (specially ridges at large |E|). In contrast, phase mixing
generates ridges that have constant energy.
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spiral pattern disperses, the density in the (X, Y ) plane reduces, but to conserve
the phase-space density, the density should increase in other dimensions. The
structures in the (R, Vφ) are in some sense a reflection of this phenomenon.
Figure 4.5(m-p) show the distribution of stars in orbital energy and Galacto-
centric radius (E,R) plane. Discrete energy levels can be seen. Stars in a ridge
lie in a narrow energy interval; we explore this further in Figure 4.6. The figure
shows the distribution of stars in the (E,R) and (Jφ, R) plane. The top panels
show results for Gaia DR2, while the bottom panels are for the phase-mixing
simulation where we only show stars belonging to a single spiral. It is clear from
Figure 4.6(c,d) that in phase-mixing simulations, the ridges are curves of constant
energy rather than constant angular momentum. According to Figure 4.6(c,d),
near E ′ = 0, constant energy and constant angular momentum curves are both
expected to be flat, it is only at higher values of |E ′| that one can differentiate
between the two cases. For the observed data, ridges between −0.15 < E ′ < 0
(corresponding to the Hercules stream) look flat in Jφ, while the rest of the ridges,
especially with large values of |E|′, are flatter in E ′ than in Jφ. This suggests that
different ridges can originate from different physical processes. The lower most
ridge (vertical coordinate of -0.3) in Figure 4.6b is slanted downwards in Jφ just
like in Figure 4.6d, while the topmost ridges in Figure 4.6b is slanted outwards
just like in Figure 4.6d. For the lower two ridges with E ′ < −0.2, it is clear
that the ridges are sharper in energy than in angular momentum, lending further
support to the ideas that energy as a quantity is better than angular momentum
for characterizing these ridges.
4.4.3 Analysis of the (R, Vφ) plane using disc N-body sim-
ulations
We now consider the more realistic N-body simulations of the Galaxy described
in subsection 4.3.4. The first scenario, Model P, is that of an isolated galaxy,
i.e., unperturbed by a satellite. The (X, Y ) density of four selected snapshots
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Figure 4.7: Evolution of stars in the N-body simulation of an unperturbed
disc (Model P). Panels(a,b,c,d) show the density in xy plane for four different
snapshots at τ = [0.21, 0.56, 0.97, 2.59] Gyr. Panels(e,f,g,h) show p(Vφ|R), the
probability density of Vφ conditional on R. Panels(i,j,k,l) show the (R, Vφ) plane
mapped by 〈VR〉. Panels(m,n,o,p) show the (VR, Vφ) plane mapped by 〈Vz〉. In
Panels(e,f,g,h,i,j,k,l,m,n,o,p), stars are selected in the region (|R − R|/kpc <
5.0)&(|φ− φ| < 25◦).
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Figure 4.8: Comparison of features in the (R, Vφ) plane seen in N-body simula-
tions with the observed data. Snapshots shown in panels(a,b,c) are at τ = 0.97
Gyr, τ = 1.53 Gyr, and τ = 1.54 Gyr, respectively. In all panels, stars are se-
lected in the region (|R − R|/kpc < 4.0)&(|φ − φ| < 25◦). Panels (a,b,c,d)
show p(Vφ|R), the probability density of Vφ conditional on R.
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Figure 4.9: Profiles of different quantities as a function of orbital energy for stars
in selected from disc N-body simulations. Results for galaxy that is unperturbed
(Model P, left column panels), perturbed by inetermediate mass Sgr (Model S,
middle column panels) and high mass Sgr (Model R, right column panels) are
shown. Snapshots shown in panels(a,b,c) are at τ = 0.97 Gyr, τ = 1.53 Gyr,
and τ = 1.54 Gyr, respectively. Panels(a-c) show the Energy distribution with
a best fit skewed normal distribution (green dotted line). Panels(d,e,f) show the
residuals in density distribution after subtracting the skewed normal. Panels(g-i)
show the median vertical velocity, with a background fit for warp. Panels(j,k,l)
show the vertical distance from the plane. Panels(m,n,o) show the median radial
velocity profile. The figure is analogous to Figure 4.3.
110
at τ = [0.21, 0.56, 0.97, 2.59] Gyr are shown in Figure 4.7(a-d). At τ = 0.21
Gyr (Figure 4.7a), the disc settles into an equilibrium configuration and develops
tightly wound spiral arms. Such self-excited instabilities forming spiral arms are
a known feature of N-body simulations in disc galaxies (Sellwood, 2012). The
corresponding (R, Vφ) density map (Figure 4.7e) is largely uniform and lacks
ridge-like substructure as seen in Gaia DR2 (in Figure 4.2). Similarly, in the
velocity maps (Figure 4.7(i,m)), there are fine-structure blobs in the kinematics
with 〈VR〉 ≈ 10 km s−1 and 〈Vz〉 ≈ 3 km s−1, but no ridges can be seen.
By τ = 0.56 Gyr, the spiral arms have weakened slightly, they are fewer and
thicker (Figure 4.7b). Interestingly, the (R, Vφ) density at this snapshot shows
large-scale diagonal stratification, with a span of about 4 kpc (Figure 4.7f). The
〈VR〉 map shows multiple thin diagonal ridges with an alternating pattern of
radially outward and inward motion (Figure 4.7(j)).
By the next snapshot at τ = 0.97 Gyr, the spiral arms are found to have
diffused and weakened (Figure 4.7c). The corresponding (R, Vφ) density map
shows several prominent ridges that extend over 5 < R/kpc < 15 and have a
more linear appearance compared to the previous snapshot (Figure 4.7g). The
ridges are also clearly present in the 〈VR〉 and 〈Vz〉 maps, where the amplitude of
the radial oscillations is again higher than the vertical component.
By the final snapshot, chosen at τ = 2.59 Gyr, the spiral arms are found
to have significantly decayed. A central bar with half-length of ∼ 2.5 kpc is
visible prominently (Figure 4.7d). The density, 〈VR〉, and 〈Vz〉 maps continue to
show large scale ridges (Figure 4.7(h,i,p)). In summary, Figure 4.7 shows that
an unperturbed galaxy can reproduce ridges in the (R, Vφ) plane with features
similar to that seen in Gaia DR2. The ridges appear as the spiral structure
decays, and are maintained as long as this decay is going on. As was already
mentioned in subsection 4.4.2, this is a consequence of Liouville’s theorem which
requires that the density in phase-space is always conserved. This suggests that
internal instabilities such as transient spiral arms, could be responsible for the
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ridges seen in Figure 4.2.
Next, we consider the scenario where the Galaxy is tidally perturbed by an
orbiting satellite. Model S simulates the interaction with an intermediate mass
Sgr galaxy (5× 1010M), while Model R simulates the interaction with a heavier
Sgr galaxy (1011M). In both cases, Sgr crosses the disc at around τ = 0.15 Gyr,
and perturbs the galaxy from its equilibrium state. Previously, in simulations run
in Bland-Hawthorn et al. (2019), we noted that disc crossing by Sgr wipes out
previous coherent structure and generates new structures in the Galaxy. Evolving
the galaxy for τ = 1.5 Gyr, allows for enough time to develop, decay, and phase
mix the spiral arms as well as the effects of Sgr. For this reason we compare the
unperturbed and perturbed scenarios at roughly coeval timestamps of (τ = 1.5
Gyr), i.e., allowing for enough time for perturbations to phase mix.
Figure 4.8 shows the density, 〈VR〉, and 〈Vz〉 maps in the (R, Vφ) plane for the
various N-body simulations alongside Gaia DR2 data. We note the presence of
ridges in all three simulations (Figure 4.8(a,b,c)). Ridges are also present in the
maps of 〈VR〉 (Figure 4.8(f,g)) and 〈Vz〉 (Figure 4.8(j,k)). The ridges for Gaia
DR2 data in (Figure 4.8d appear to be smeared out at the edges. This is due to
observational errors in proper motion and parallaxes that are dominant at larger
distances. We would like to point out, that the purpose of the N-body simulations
in this Chapter, is to demonstrate what kinematic signatures can be generated
at a given location in the Galaxy. These are not, however, selection function
matched snapshots i.e., the particles do not have stellar parameters/magnitudes
assigned that we could convolve Gaia DR2-like errors. In any case, our aim her
is not to match the exact number of features or their location one-to-one, which
would be affected by the smear due to observational errors.
In Figure 4.3, we saw that for Gaia DR2, ridges are correlated in kinematics
and spatial density. In Figure 4.9 we explore similar correlations for our N-body
simulations. We select stars around (R, z, φ) = (8.2, 0.0, 180.0◦) and consider the
profiles of 〈Vz〉, 〈VR〉, and z against the dimensionless orbital energy, E ′ =(E −
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Ecirc(R))/V 2circ(R). For all simulations, peaks can be seen in profiles of density,
〈Vz〉, z, and VR. It is worth noting that the unperturbed model has no tidal
interactions, hence, the observed vertical oscillations for the unperturbed model
must be due to internal processes.
A number of features seen in Figure 4.3 for the Gaia DR2 data can also be
seen in the simulations. The location of peaks in z match with location of peaks
in vz. Location of extrema in vz match with location of peaks in density. For the
the unperturbed case it is the minima that matches and for the high mass case it
is the maxima. For the intermediate mass case we do not see such an association.
We note that the matching of the location of peaks in z and vz is not a general
feature, because it was only seen at a few special locations within the galaxy.
The 〈Vz〉 profiles (Figure 4.9(j-l)) show a large scale trend like in the Gaia
DR2 data. Such a trend is expected for the presence of a warp. A clear warp
was detected in all our simulations. A plot of mean z and vz as a function of φ
showed a sinusoidal pattern with the vz profile being shifted by 90
◦ with respect
to the z profile.
The amplitude of fluctuations for all the plotted quantities (density, 〈Vz〉, z,
and VR), is considerably higher for the high mass Sgr case compared to the other
two simulations. A comparison with Figure 4.3 shows that the amplitude of 〈Vz〉,
z, and 〈VR〉 fluctuations for the case of Gaia DR2 is comparable to the case
of unperturbed and intermediate mass Sgr simulations, making the case for the
high-mass perturber unfavourable.
4.4.4 Analysis of the (VR, Vφ) plane: arches
We now study the (VR, Vφ) plane. Figure 4.1b shows the distribution of Gaia
DR2 stars. Arch-like structures can be seen and they are asymmetrical about the
VR = 0. In Figure 4.10, we show the distribution of stars in the phase-mixing
simulation. Initially, there are no arches, but as time proceeds, arches start to
appear, increase in number, and become thinner. In the final snapshot, at 494
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Figure 4.10: Evolution of stars in the phase mixing simulation (subsection 4.3.3),
same as Figure 4.5, but here we show the (VR, Vφ) plane. Stars are selected to lie
in (|φ− 180.0◦| < 25◦)&(|R− 8.2|/kpc < 0.25).
Myr, multiple arches are clearly visible, and they also appear to be asymmetrical
as in the observed data.
We now study the distribution of stars in the (VR, Vφ) space using disc N-body
simulations. Figure 4.11 shows the distribution of stars for simulation P. We show
snapshots corresponding to time τ of 250, 500, 1000 and 1500 Myr. For each time,
we show distributions at four different locations in azimuth. The simulation starts
with a smooth disc and by 250 Myr strong tightly wound spiral arms can be seen,
however the velocity distribution is devoid of any substructures at this stage. As
the simulation evolves, the velocity distribution becomes irregular and develops
substructures. Arches are visible in all snapshots with τ >= 500 Myr and they
are not symmetric about the VR = 0.
Figure 4.12 shows the distribution of stars for simulation S that corresponds
to interaction with an intermediate mass satellite. Similarly, Figure 4.13 shows
the distribution for simulation R that corresponds to interaction with a high
mass satellite. As compared to the simulation P of the unperturbed galaxy,
considerably more substructures and arches can be seen in simulations S and R.
The simulation R with high mass shows more arches than simulation S. It is clear
that arches can develop even when there is no external perturber, but when a
perturber like an orbiting satellite is present, the arches are stronger and more
numerous. The fact that the number and strength of arches depends upon the
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Figure 4.11: Distribution of stars in the (VR, Vφ) plane for the N-body simulation
P (Unperturbed Galaxy). Distributions for four different times and at various
different azimuth angles are shown. The Galactocentric radius R, the azimuth
angle φ and the time in Myr are labelled on the plots. Stars were restricted to
(|∆R| < 0.25kpc)&(|∆φ| < 25◦).
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Figure 4.12: Analogue of Figure 4.11 but for stars in the N-body simulation S
(interaction with an intermediate mass satellite).
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Figure 4.13: Analogue of Figure 4.11 but for stars in the N-body simulation R
(interaction with a high mass satellite).
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mass of the satellite means that we can use the observed data to put limits on
the satellite mass. From our set of simulations, we conclude that simulation P
has too few arches and simulation R too many, and it is the simulation S that
matches best with the Gaia DR2 data.
4.4.5 Analysis of the (R, VR) plane
Structures have been reported in the (R, Vφ) and (z, Vz) planes, but so far the
(R, VR) space has not been explored. Figure 4.14 shows maps of density and 〈Vφ〉
in the (R, VR) phase space. The density map is extremely smooth and shows
no substructure in Figure 4.14(a-d). However, arrow shaped substructures can
be seen in the Vφ map in Figure 4.14(e-h). Phase mixing can explain the sub-
structures seen in this space. Such substructures can also be seen in disc N-body
simulations. These substructures provide additional independent constraints on
models trying to explain the origin of phase-space substructures in the Galaxy.
4.5 Discussion and Conclusions
We have explored the ridge-like features in the (R, Vφ) plane using position and
velocities from Gaia DR2 and elemental abundances from GALAH. We find that
ridge-like features are visible not only in the density maps but also in maps of 〈VR〉
, 〈|z|〉, 〈Vz〉, [Fe/H] and [α/Fe] (Figure 4.2 and Figure 4.4). Ridges in the 〈VR〉
map are more prominent and visible to much larger Galactocentric radii R than
in the density map. The 〈|z|〉 map suggests that the ridges are more prominent
for stars close to the mid-plane of the Galaxy. The GALAH data suggest that
stars in the ridges are predominantly of higher metallicity than the non-ridge
stars (∼solar [Fe/H]) and solar [α/Fe] (Figure 4.4). Since, typically stars close to
the plane have values of [Fe/H] and [α/Fe] that are close to solar, this explains
the trends with elemental abundance. That the ridge stars are predominantly at
low |z| could be due to one or all of the following three reasons: a) The ridges are
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due to transient perturbations (i.e., spiral arms) that are close to the plane and
are disrupting and phase mixing with time; b) the ridges are due to interaction
of stars with perturbations that are close to the plane; c) stars close to the plane
are kinematically cold and it is easier to perturb them.
Our phase-mixing simulation of disrupting spiral arms can explain a wide
array of kinematic features in the observed Gaia DR2 data. They simultaneously
reproduce the ridges in the (R, Vφ) plane (Figure 4.5(e-h)), the ridges in the 〈VR〉
maps (Figure 4.5(i-l)), and the arches in the (VR, Vφ) plane (Figure 4.10). They
also reproduce the observed asymmetry in the arches. While a bar perturbation
has been shown to generate ridges, the number of ridges generated from a bar
alone are too few to match the observed data (Antoja et al., 2018; Hunt et al.,
2018b). Phase mixing generates surfaces of constant energy and this explains the
occurrence of both the ridges and the arches.
More realistic N-body simulations of a disc in which spiral arms are naturally
generated support the results obtained from phase mixing. In these simulations,
the spiral arms grow in strength with time till about 500 Myr, and then start
to decay. As the spiral arms decay and get phase mixed, the ridges and arches
are found to grow in prominence, a phenomenon that was also seen in the phase-
mixing simulation (Figure 4.7). Our N-body simulations show ridges in the 〈Vz〉
maps as seen in the observed data. Simulations in which the disc is perturbed
by the passage of an orbiting satellite also show features similar to the case of
an unperturbed disc (Figure 4.8). However, the ridges are found to be more
pronounced, in both the 〈VR〉 and 〈Vz〉 maps, when the mass of the orbiting
satellite is higher. This makes the case of a 1011M or higher mass perturber
unfavourable but a perturber with 5× 1010M is still consistent with Gaia DR2.
Antoja et al. (2018) tentatively suggest that arches in the (VR, Vφ) plane are
projections of ridges in the (R, Vφ) plane. We note that, while ridges do suggest
existence of discrete values of Vφ in the solar neighborhood, they do not necessarily
suggest the presence of arches. It is impossible to deduce the distribution of VR
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from the distribution of stars in the (VR, Vφ) plane. We have shown that phase-
mixing simulations of disrupting spiral arms not only generate ridges but also
arches. The physical property unifying the two features is the energy. A ridge
in (R, Vφ) and an arch in (VR, Vφ) are both curves of constant energy. The phase
mixing of disrupting spiral arms generates a regular pattern of peaks in the energy
distribution of a sample confined to a narrow range in azimuth (Figure 4.5 o,p).
A curve of constant energy and constant angular momentum both appear as a
ridge in the (R, Vφ) plane. However, out of the above two, only a constant energy
curve will manifest itself as an arch in the (VR, Vφ) plane. Note, we observe stars
in a narrow range of azimuth, only stars of certain discrete values of angular
frequency will end up in the chosen azimuth range at a given time. The fact that
we see discrete energy levels suggest that the angular frequency is more strongly
correlated with energy than with angular momentum.
Two different techniques, our work using phase mixing and work by Hunt
et al. (2018b) using scattering from a perturbation in the potential, both suggest
that transient winding spiral arms can explain the multiple ridges and arches seen
in Gaia DR2. Interestingly, transience here is through a process of wrapping up
rather than fading away in strength with time as generally thought.
The arches seen in Gaia DR2 are asymmetrical about VR = 0 in the (R, Vφ)
plane . Phase mixing is generally thought to produce symmetric arches (Quillen
et al., 2018), as was observed by Minchev et al. (2009) in their phase-mixing sim-
ulations. This is because, for stars on an arch, the orbital energy is approximately
fixed, and since E ∼ V 2R + V 2φ , the arches are symmetric. However, we show that
phase-mixing simulations can generate asymmetrical arches, and that the asym-
metry is both intrinsic and apparent. The slight intrinsic asymmetry is due to the
fact that an arch has a finite width in energy and the VR changes systematically
with energy. This occurs in the initial stages when phase mixing is incomplete
(Figure 4.10 b,c). The apparent asymmetry is due to the following reason and is
responsible for asymmetry seen at later stages of phase mixing (Figure 4.10 d).
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The arch due to a single ridge and a single spiral arm is in general symmetrical
in the (VR, Vφ) plane, but the number density of stars is not symmetrical about
VR = 0. Moreover, the arch is short and does not span the full range of VR. When
multiple arches from different spiral arms are superimposed they look like a large
arch with a strong asymmetry.
We also see asymmetrical arches in N-body simulations in which a disc is
evolved in a Milky Way like potential, which includes a live dark matter halo
(Figure 4.11). Asymmetrical arches were reported by Quillen et al. (2011) using
similar simulations, but they did not study the effect of an interaction with a
satellite. Laporte et al. (2019) studied simulations with an orbiting satellite and
reported the presence of ridges but found very few clear arches. We studied sim-
ulations both with and without an orbiting satellite. We found that simulations
in which the disc is perturbed by an orbiting satellite generates more arches. A
high mass satellite generates more arches (Figure 4.13) than a satellite with lower
mass (Figure 4.12). A 5 × 1010M satellite was found to describe the observed
data the best. Arches develop within 250 Myr of interaction with a satellite, and
are clearly visible even after 1 Gyr. Hunt et al. (2018b), using backward integra-
tion of test particles in a winding spiral arm potential (Dehnen, 2000), also reach
a similar conclusion.
Antoja et al. (2018) used the Vφ separation of consecutive ridges and Minchev
et al. (2009) used the Vφ separation of arches to conclude that the perturbation
must be older than 1 Gyr and most likely about 2 Gyr. These conclusions are
based on the assumption that the ridges are generated by a single perturber. If
the ridges and arches are caused by more than one transient spiral arms, then
each arm will have its own set of ridges and the separation between the ridges
can be smaller as compared to the case of a single perturber for any given age
of the perturber. Hence, the Vφ separation alone cannot be used to reliably date
the perturber.
One of the most interesting results of our study is the existence of ridges in
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the 〈Vz〉(R, Vφ) maps (Figure 4.2c). At a given R when 〈Vz〉 is plotted as function
of angular momentum or energy the ridges show up as undulations with clearly
defined peaks and valleys (Figure 4.3). In addition to undulations, a smooth
large scale trend is also seen, the Vz increases with L for L/(Vcirc(R)R) > 1.
This rise of Vz has been associated with the onset of a warp (Poggio et al.,
2017; Scho¨nrich & Dehnen, 2018; Poggio et al., 2018). However, the origin of the
undulations is not clear. The data shows that the locations of at least two and
possibly three Vz peaks coincide with the density peaks. This can be interpreted
as ridges having a net upward motion. Undulations are also seen in profiles of
z with energy. Three peaks are clearly identifiable in z and they match with
peaks in Vz. Such a coupling of peaks between Vz, z and Vφ, is also observed
in our N-body simulations, of both the unperturbed and the perturbed disc, but
infrequently. We could see such a coupling for only a few locations around the
simulated galaxy rather that at all locations.
A 3D phase-mixing simulation with an initial dispersion of 10 km s−1in Vz
was unable to reproduce the ridges in the 〈Vz〉(R, Vφ) maps. This suggests that
the origin of features in Vz is dynamical with the self gravity of the disc playing
a role. The simulations of both the unperturbed disc and the disc perturbed
by a massive satellite show ridges in the 〈Vz〉(R, Vφ) maps (Figure 4.8). For the
two cases of the perturbed disc, the profile of z as a function of orbital energy
is also found to show undulations (Figure 4.9). For the case of the high-mass
perturber, the most prominent peak in 〈Vz〉 shows a clear match with the most
prominent peak in 〈z〉. While an interaction with an orbiting satellite can induce
coupling between planar and vertical motions, e.g. they are known to generate
warps, the case of an unperturbed disc generating such a coupling is intriguing.
However, Masset & Tagger (1997) have shown that non-linear coupling between
the Galactic spiral waves and the warp waves can lead to outer warps in isolated
disc galaxies co-existent with corrugations (undulations) over the inner disc. We
propose to investigate this important insight further in the next paper.
122
Another example of coupling between the vertical and planar motion is the
existence of the phase-spiral in the (z, Vz) and (z, VR) planes (Antoja et al., 2018;
Bland-Hawthorn et al., 2019). This phase-spiral is seen in density maps, 〈VR〉
maps and 〈Vφ〉 maps. Such a coupling can be generated by the impact of a
satellite passing through the disc (e.g. Binney & Scho¨nrich, 2018), or due to the
buckling of the bar (e.g. Khoperskov et al., 2018). So far there has been no
observation or simulation that suggests any link between the arches and ridges,
and the (z, Vz) phase-spiral.
We note that the average z or Vz integrated over a single (z, Vz) phase-space
spiral is non-zero and depends upon the orientation of the spiral. So if the
orientation of the spiral changes with Lz, we can expect a change of 〈Vz〉 with Lz.
We find that Lz is a more robust quantity to characterize the phase-space spiral
compared to Vφ. This is because the spiral pattern for a given Lz (or orbital
energy) is almost invariant with the Galactocentric radius R (also with azimuth
φ; Figure 4.15), within a distance of around 1 kpc around the Sun, but Vφ is
not. When the (z, Vz) plane is studied for different values of Lz, we find that
the spiral pattern is present for a wide range of Lz and the orientation of the
spiral changes with Lz (Figure 4.16). However, the density distribution along the
spiral is not constant and this can override any signatures in 〈Vz〉 generated by
the spiral. Therefore, at this stage it is difficult to establish any link between the
phase-space spiral and the ridges or the warp.
To conclude, there are many competing and interlocking dynamical processes
occurring in the Galaxy. We have a bar, which leaves its imprint on the kinematics
through resonances. We have multiple spiral arms, which are thought to be
transient and can generate multiple features in kinematics. We have a warp which
can couple planar and vertical motions. Other than the above mentioned internal
mechanisms to excite the disc, there are also external mechanisms like interaction
with orbiting satellites, e.g., Gaia–Enceladus, Sgr, LMC, SMC, and so on (Helmi
et al., 2018). These can also couple vertical and planar motions. Clearly, it is
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Figure 4.14: Maps of density and 〈Vφ〉 in the (R, VR) space. (a,e) Phase mixing
simulation (τ = 494 Myr). (b,f) Simulation of an unperturbed disc (τ = 0.97
Gyr). (c,g) Simulation of a disc perturbed by a high mass satellite (τ = 1.54
Gyr) (d,h) Gaia DR2. The density maps are smooth, but the 〈Vφ〉 maps show
cone like structures (similar to a rotated pine tree), which are also predicted by
phase mixing simulations.
important to understand and study the effect of these mechanisms individually.
However, in future, we need to devise ways to study the different mechanisms
together as the combined effect of mechanisms could be very different.
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location.
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Chapter 5
Streaming motion with Gaia DR2
We present the power spectrum of streaming motion in the Galactic disc out to
3.5 kpc from the Sun, and in the Galactocentric velocity components (Vφ, VR, Vz,
Vlos). We combine the the Gaia DR2 radial velocity sample, with Bayesian dis-
tance estimates from the STARHORSE catalogue. We construct an axisymmetric
model from the rotational curve of the Galaxy using Gaia DR2, and then subtract
this on a star-by-star basis to obtain residual velocity maps in each component.
We present power spectrum of residual fluctuations in order to quantify the ampli-
tude and physical scale of streaming motion. In the midplane (|z| < 0.25 kpc), we
find that the amplitude of the residuals peaks at (∆ Vφ=4.4, ∆VR=7.6, ∆Vz=3.2,
∆Vlos=4.0)/[km s
−1], with a typical physical scale of 3 kpc. Away from the
plane, the peaks occur at (∆ Vφ=6.6, ∆VR=6.8, ∆Vz=4.8, ∆Vlos=6.0)/[km s
−1] for
0.25 < |z/[kpc]| < 0.75, and at (∆ Vφ=3.1, ∆VR=5.7, ∆Vz=5.4, ∆Vlos=4.6)/[km
s−1] for 0.75 < |z/[kpc]| < 1.25. More, importantly, the streaming amplitudes
in (Vφ,VR) would suggest, that the (U,V) components may need to be revised
upwards by about 4.5 km s−1, and 7.6 km s−1, respectively. Lastly, we also note
that the strongest contribution to streaming in each |z| slice is from the radial
component. We compare our findings to a simple simulation of disrupting spiral
arms and show that the VR streaming is indeed always dominant. Moreover, over
time the physical scale of streaming motion shifts from large to smaller scales, as
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the simulated galaxy relaxes with time.
5.1 Introduction
Gaia DR2 has revealed that the Galactic disc is far from being in dynamic equilib-
rium. The unprecedented precision in proper motion and parallax has revealed
unseen substructure such as the ‘ridges’ in the (R, Vφ) plane, or the extended
‘arches’ in the (VR, Vφ) plane (Antoja et al., 2018; Ramos et al., 2018; Trick et al.,
2018). These features have been linked to the action of the Spiral arms, Galactic
bar, and also satellite interactions, i.e., to both internal and external perturba-
tions in the Galactic disc (e.g., Fragkoudi et al., 2019a; Hunt et al., 2018b, 2019;
Khanna et al., 2019b, K19b hereafter).
Another aspect of interest is bulk streaming motion in the disc. For nearly two
decades, magnitude limited surveys have allowed us to map a large extent of the
disc, between 4 < [R/kpc] < 12. These include large spectroscopic surveys such
as RAVE (Kunder et al., 2017; McMillan et al., 2018), APOGEE (Majewski et al.,
2016), LAMOST (Zhao et al., 2012), and GALAH (GALactic Archaeology with
HERMES, De Silva et al., 2015; Martell et al., 2017; Buder et al., 2018),that have
also provided highly precise line-of-sight velocities (σV los ∼ 0.1 km s−1), albeit for
fewer than million stars in most cases. In the pre-Gaia DR2 era, spectroscopic
Vlos measurements were combined with proper motion catalogues such as PPMXL
(Roeser et al., 2010) and UCAC4/UCAC5 (Zacharias et al., 2013, 2017), in order
to produce 3D kinematic maps. The precision of these catalogues was at the 1-5
mas yr−1 mark, resulting in uncertainty in transverse velocities of 10s of km s−1.
Even, with sparse volume coverage, kinematic maps showed that the Vφ,
VRand Vz components show interesting bulk motion, and over kpc scales. Williams
et al. (2013, W13 hereafter) showed that stars in the disc are participating in bulk
motion, and that there are differences in the bulk motion North and South of the
Galactic plane. They used red clump stars from the RAVE survey as distance
tracers. In particular, for the Galactocentric radial velocity 〈VR〉, they found
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evidence of a large outward flow above the plane, and inward flow below the
plane. For the Galactocentric vertical velocity 〈Vz〉, they found a wave-like pat-
tern, where, stars interior to the Solar circle and above the plane are moving
upwards, while those below, downwards. For stars beyond R, the 〈Vz〉 had mo-
tion directed towards the Galactic plane. This mirror-like motion with respect to
the Galactic plane, is commonly termed a ‘breathing’ mode.
However, tracers such as red clump stars have intrinsic population variance,
that makes them imperfect standard candles (see for e.g., Girardi, 2016; Nataf
et al., 2016; Khanna et al., 2019a, K19a hereafter). In their recent work, Carrillo
et al. (2018, C18 hereafter) showed that the kinematic maps such as those by W13,
are vulnerable to distance errors, and systematics in proper motion catalogues.
Using the Gaia-TGAS proper motion catalogues, C18 showed that while interior
to R, they recover the same trend in 〈Vz〉 as W13, beyond R, the disc does
not exhibit a breathing mode. Instead, they find a net downward motion beyond
R, more commonly known as a ‘bending’ wave. Nevertheless, similar wave-
like compression/rarefaction has also been seen in both number density and bulk
velocity in the SDSS data by Widrow et al. (2012), and also towards the Galactic
anti-center with LAMOST data (Carlin et al., 2013).
Gaia DR2 has provided position, parallax and proper motion (α, δ,$, µα, µδ)
for over a billion stars at unprecedented precision (e.g., σµ ≈ 10 micro-arcseconds
yr−1 for G < 14). In addition, a subset of the full dataset includes line-of-sight
velocities from the Radial Velocity Spectrometer (Gaia DR2 RVS, Soubiran et al.,
2018) for about 7 million stars, thus providing full 6D phase-space information for
this sample. Gaia Collaboration et al. (2018b) presented the first set of kinematic
maps using the Gaia DR2 RVS sample. Since their goal was to illustrate the
extended coverage and new detail visible with Gaia DR2, they simply used inverse
parallax (1/$) as distance estimate. Nevertheless, they were able to confirm the
breathing mode at R <R, and a bending mode at larger R. In particular, a
strong signature of monotonic rise in Vz towards the outer disc was also noted.
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This is suggested to be a strong kinematic signature of the Galactic warp.
Obtaining distances from parallaxes is non-trivial. It is well known that
naively inverting parallaxes leads to biased distances (e.g., Bailer-Jones et al.,
2018). While for stars with σ$/$ < 0.2, inverting parallaxes is still safe (Luri
et al., 2018), there are added complications to consider, for example, by com-
parison with background quasars Lindegren et al. (2018) recommend correcting
a global zero-point offset of δ$ = 0.029 mas in the parallaxes, but the offset
has a non-trivial dependence on magnitude as well as on the field observed, and
the correction can range between 0.04 < δ$[/mas] < 0.05 (see for e.g., Riess
et al., 2018; Zinn et al., 2018). It would thus be prudent to also consider more
sophisticated estimates that take into account the selection function of the RVS
sample along with other Galactic priors. Over the past year, a number of cat-
alogues have been made available that offer distance estimates using Bayesian
statistics. Bailer-Jones et al. (2018) provide distance estimates for all of Gaia
DR2 stars, with their priors based on pre-existing models of the entire Gaia
sample. McMillan (2018) estimate distances for the Gaia DR2 RVS sample, par-
ticularly taking into account the selection function for this subset. However,
both Bailer-Jones et al. (2018) and McMillan (2018) assume a fixed zero-point
offset of δ$ = 0.029 mas, resulting in overestimated distances. More recently,
Scho¨nrich et al. (2019) produced another catalogue for the radial velocity subset,
and take into account the selection function without assuming a fixed zero-point
offset. Their estimates predict on average an offset of δ$ = 0.054 mas, which is
consistent with asteroseismic values (Zinn et al., 2018; Khan et al., 2019). More
recently, Anders et al. (2019) produced the STARHORSE catalogue of distance
and extinction estimates, by combining parallaxes with multi-band photometry
from WISE, 2MASS and PanSTARRS-1. Their catalogue consists of estimates
for over 200 million sources brighter than G = 18, with 5% precision for nearly
half of the stars. The catalogue was recently used by Carrillo et al. (2019), to
produce 3D kinematic maps of the Galactic disc. They confirmed the previously
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reported breathing and bending modes, and more importantly their maps extend
out to much further, thanks to the improved distances.
With detailed kinematic maps, we can try to quantify the streaming motion
seen with Gaia DR2. To do this, we carry out Fourier analysis on velocity fluctu-
ations. Essentialy, we assume a model that describes the axisymmetric velocity
field, and then look for deviations from this. A power spectrum of these fluc-
tuations is then constructed to quantify the amplitude and the physical scale
over which the streaming motion occurs. Bovy et al. (2015, B15 hereafter) car-
ried out such an analysis for a sample of red clump stars from APOGEE. They
constructed line-of-sight velocity field using an axisymmetric model, and found
residual streaming motion of ∆Vlos∼ 11 km s−1. The power spectrum of the resid-
uals is a broad peak with the maximum corresponding to physical scales of about
2 kpc. This is interesting because, it suggests that there is streaming motion in
the disc on scales much larger than the solar neighbourhood. B15 showed that
the power amplitude can be minimised if the Solar peculiar velocity V = 22.5 km
s−1, i.e., much higher than the currently accepted V = 12.24 km s−1 (Scho¨nrich
et al., 2010). They suggest revising the Solar peculiar velocity upwards so as to
include this streaming in the direction of rotation.
In K19a, we combined red clump stars from the APOGEE and GALAH sur-
veys to map out the velocity fluctuations out to 5 kpc from the Sun. We forward
modelled the Vlos from an axisymmetric model flexible in choice of parameters
such as the circular velocity profile and dispersion scale length. After taking into
account systematics such as volume completeness, we showed that the spectrum
of the Vlos residuals suggests evidence of streaming motion at the level of 6 km
s−1 and on physical scales of 3 kpc. Furthermore, we compared our findings with
mock data generated with the galaxia code (Sharma et al., 2011), simulating
the Milky Way with exact survey selection functions. We found that widely used
spectroscopic selection schemes for red clump giants are likely contaminated by
high-mass giants for which the standard candle approximation is no longer valid.
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Figure 5.1: A comparison of the distance errors (σd) versus distance measurements
for STARHORSE and inverse parallax. At large distances beyond 5 kpc, the
errors are biased with the simple parallax inversion.
Consequently, distances to the high-mass population is underestimated and this
contaminates the kinematics of the nearby disc stars (< 3kpc). After taking this
effect into account we estimated that the amplitude of fluctuations in Vlos should
be close to 4.6 km s−1 on scales of 3 kpc, i.e., at a much lower amplitude compared
to B15.
The analysis in B15 and K19a, suffered from red clump populations intrin-
sics, sparse volume coverage, as well as imprecise distance and proper motion
estimates. Thanks to Gaia DR2, we can now follow up previous efforts using
a more complete sample and better precision kinematics. In this Chapter, we
make use of the radial velocity sample from Gaia DR2, in combination with new
improved distance estimates from the recent STARHORSE catalogue (based on
precise parallaxes from Gaia) to revisit the streaming motions in the disc. We
extend our analysis to three Galactocentric components: Vφ, VR, Vz, and the
heliocentric Vlos, and quantify the power spectrum of fluctuations in each.
The paper is structured as follows: In section 5.2 we describe the observational
and simulation data studied. Our kinematical modelling and Fourier method is
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described in subsection 5.3.1. We present our results and briefly discuss the
implications in section 5.4.
We adopt a right-handed coordinate frame in which the Sun is at a distance
of R = 8.2 kpc from the Galactic center (Bland-Hawthorn & Gerhard, 2016),
consistent with the new ESO Gravity measurement (Gravity Collaboration et al.,
2018), and has Galactocentric coordinates (X, Y, Z) = (−8.2, 0, 0.25) kpc. The
cylindrical coordinate angle φ = tan−1(Y/X) increases in the anti-clockwise di-
rection, while the rotation of the Galaxy is clockwise. The heliocentric Cartesian
frame is related to Galactocentric by Xhc = X +R, Yhc = Y and Zhc = Z. Xhc
is negative toward ` = 180◦ and Yhc is positive towards Galactic rotation. For
transforming velocities between heliocentric and Galactocentric frames we use
(X˙, Y˙, Z˙) = (U,ΩR,W). Following Scho¨nrich et al. (2010), we adopt
(U, V,W ) = (11.1, 12.24, 7.25) km s−1, while for the azimuthal component we
use the constraint of Ω = 30.24 km s−1kpc−1 which is set by the proper motion
of Sgr A*, i.e., the Sun’s angular velocity around the Galactic center (Reid &
Brunthaler, 2004). This sets the rotation velocity at the Sun to Vφ, = −248 km
s−1, and thus the circular velocity at the Sun to Vc, = −236 km s−1.
5.2 Datasets
5.2.1 Gaia DR2 RVS sample
We make use of the Gaia DR2 RVS dataset, constructed using the query in sec-
tion A.2. This contains 7111351 stars, and was cross-matched with the STARHORSE
catalogue1. On this, as recommended by Anders et al. (2019), we apply two
quality flags, ’SH GAIAFLAG’= ”000”, and ’SH OUTFLAG’= ”00000”, in or-
der to remove stars with poor astrometry and parallax measurements. This
leaves us with a sample of 6325017 stars. In Figure 5.1, we illustrate the dis-
tance errors (σd) as a function of distance, for the inverse parallax method and
1https://data.aip.de/projects/starhorse2019.html
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STARHORSE. The former is biased towards larger errors at large distances, while
σd for STARHORSE remains relatively constant even out to 10 kpc.
5.2.2 Phase mixing simulation
The Milky Way has well known non-axisymmetric structures in the midplane,
such as the spiral arms and the Galactic bar. These features have been linked to
kinematic substructure in the Galactic disc, particularly close to the plane. In
K19b, we recently showed that phase-mixing triggered by disrupting spiral arms
could be responsible for the ridges visible in the (R, Vφ) plane. Our simulation
was restricted to the Galactic plane, and so it is interesting to investigate what
signatures of streaming motion phase-mixing can produce. To this end, in sub-
section 5.4.2, we compare our velocity maps and power spectrum results with
selected snapshots from the phase-mixing simulation, the setup of which are de-
scribed in detail in K19b. Briefly, we setup test particles in the configuration of
four Archimedean spirals. The radial velocity was sampled from N (0, 20) and the
azimuthal velocity from N (Θ(R), 20), where Θ(R) denotes the circular velocity
and N denotes a Gaussian distribution. For simplicity, the particles were set up
in the midplane and with zero vertical velocity. A total of 640000 particles were
evolved for 650 Myr in the MWPotential2014 potential using the galpy package
(Bovy, 2015).
5.3 Methods
5.3.1 Kinematic modelling
Unlike in K19a, where we forward modelled Vlos with a flexible circular velocity
profile, here we can exploit the high quality rotation curve directly from Gaia
DR2 RVS. Our model simply assumes axisymmetry for the Galaxy, such that
V φ is the rotation curve from data i.e., the background profile as illustrated in
Figure 5.2. We can do this in a couple of ways. One could either divide the
134
Figure 5.2: (R, Vφ) plane density with the median Vφ profile (red dotted) plotted
over for Gaia DR2 RVS in the midplane region (|z| < 0.25 kpc). The profile is
used as V φ i.e., the axisymmetric model with respect to which streaming mo-
tions will be measured. Panel b shows the corresponding spatial distribution in
Galactocentric coordinates (XGC , YGC).
Table 5.1: Best-fit coefficients for equation 5.1.−227.64± 0.02 −0.40± 0.05 25.16± 0.070.09± 0.02 −0.13± 0.03 −5.24± 0.05
1.48± 0.01 0.24± 0.02 −1.22± 0.03

data into thin vertical slices, and then simply interpolate the rotation curve as
function of R. Alternatively, as we did in K19a, we can take into account the
vertical gradient in the azimuthal velocity, by fitting a 2d polynomial, i.e., we
assume that,
〈Vφ〉(R,Z) =
2∑
i=0
2∑
j=0
aij(R−R)izj. (5.1)
This Galactocentric model can then be transformed to the heliocentric line-
of-sight velocity model Vlos,mod assuming a local standard of rest (U,ΩR,W)
for the solar motion, and using the scheme described in section A.1. The Ω
is given by the the proper motion of Sgr A*, and hence this approach does not
require us to assume a value for V or Vcirc. For the other two Galctocentric
components, we assume the background contirbution to be negligible, i.e. 〈Vz〉=0
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Figure 5.3: Number density of the Gaia DR2 RVS dataset, for three vertical slices.
Also plotted are circles of constant Galactocentric radius at R = [6, 8, 10, 12] kpc.
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and 〈VR〉=0.
Similar to the approach in K19a, we consider the residual velocity maps ∆Vi =
Vi − Vi,mod in each of the four aforementioned components i. Given the large
number of stars available in Gaia DR2 RVS, we choose a finer binning in (x, y)
space of size 0.25 × 0.25 kpc2, and split into three slices in z (see Figure 5.3).
Lastly, we restrict all stars to be within heliocentric distance of 3.5 kpc, and
σd/d < 0.2. For each slice then, we obtain a 2D velocity fluctuation image h. To
minimise Poisson noise, we set h = 0 for bins with stars fewer than 100.
5.3.2 Fourier analysis
Next we perform Fourier analysis of the image h and calculate the 2D power
spectrum of fluctuations as
Pkl =
1
Neff
|Akl|2∆x∆y, (5.2)
where Akl is the 2d Fast Fourier Transform (FFT) of the image h and ∆x and
∆y are the size of the bins along x and y directions. Neff is the effective number
of bins in the image and is given by
∑
i
∑
j H(nij−20), where H is the Heaviside
step function and nij is the number of stars in the (i, j)-th bin. Next we average
Pkl azimuthally in bins of k =
√
k2x + k
2
y to obtain the 1D power spectrum P (k).
The P (k) as defined above satisfies the following normalization condition given
by the Parseval’s theorem,
∫ ∞
0
P (k)2pik dk =
∑
k
∑
l
Pkl∆kx∆ky (5.3)
=
∑
i
∑
j H(nij − 20)h2ij
Neff
We present
√
P (k) that has the dimensions of km s−1 as our final result. The
presented formalism ensures that the estimated power spectrum P (k) is invariant
to changes in size of the bin, the overall size of the image box, and bins with
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Figure 5.4: Velocity residuals for Gaia DR2 RVS, using background profiles de-
scribed in 5.3.1, for the components Vφ, VR, Vz, and Vlos. Kinematic maps are
shown for three vertical slices, moving from the midplane to a height of 1.25 kpc
away from the Galactic plane. Each pixel here contains at least 100 stars, and
the resolution is 0.25 kpc.
missing data. The noise for the power spectrum is calculated in the same manner
except that for the input signal we use normally distributed data with zero mean
and dispersion equal to the standard deviation of ∆Vi.
5.4 Results
5.4.1 Gaia DR2 RVS sample
The best fit model for V φ(R,Z) is shown in Table 5.1. We use this to derive
the Vlos,mod and then subsequently obtain the residual velocity maps in the four
components: Vφ, VR, Vz, and Vlos, for Gaia DR2 RVS. This is shown in Figure 5.4,
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Figure 5.5: Power spectrum of Velocity residuals for the Gaia DR2 RVS kinematic
maps in Figure 5.4. For the lower two slices, most of the power amplitude is
dominated by VR.
where the data is divided into three slices in Z, i.e., |z/[kpc]| < 0.25 kpc in
panels(a-d) , 0.25 < |z/[kpc]| < 0.75 in panels(e-h) and 0.75 < |z/[kpc]| < 1.25 in
panlels(i-l). The patterns in panels (b,f,j) are similar to that in Gaia Collaboration
et al. (2018b), since here we are looking at deviations about 〈Vz〉=0 and 〈VR〉=0.
The other two maps in Vφ and Vlos have not been shown before. It seems that
the residuals in the VR component are of the order of 10 km s
−1, while in the
remaining components, these are about half that amplitude.
For each of the slice in |Z|, we also compute a power spectrum of the residual
velocity for each of the aforementioned components. This is shown in Figure 5.5,
where each peak is marked with a cross and the corresponding wavenumber (k),
and amplitude (
√
Pk) is listed. The top axis also shows the approximate physical
scale that the peak corresponds to. We note the following features:
• The streaming motion is maximum in the VR component, about 1.5 times
the amplitude of the other components.
• The streaming amplitude in VR and Vφ has a negative gradient with respect
to |z|, i.e. maximum streaming in these two components is observed in the
midplane (|z/[kpc]| < 0.25).
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Figure 5.6: Velocity residuals in Vφ, VR, and Vlos, shown here for the Gaia DR2
RVS dataset in the midplane in panels (a to c), compared with residuals for
selected snapshots from our phase-mixing simulation, at 230 Myr in panels (d
to f), and at 487 Myr in panels (g to i). In all three cases, the contribution
from the Galactocentric radial velocity is the highest. At early times in the
simulation, when the system is far from relaxed, there is very high streaming
motion, particularly in the Galactocentric radial velocity component. At later
times, the residual pattern qualitatively resembles the data (especially in ∆ VR).
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Figure 5.7: Comparison of velocity residuals and power spectra, between the RVS
dataset, and snapshots from our phase-mixing simulation. All figures are in the
midplane. The simulation snapshot here is at early times, when the system is far
from relaxed. At this snapshot, there is very high streaming motion, particularly
in the Galactocentric radial velocity.
• The streaming in the different components peaks on different physical scales.
In the midplane. while the radial and azimuthal streaming occurs on scales
of 2-3 kpc, the vertical and line-of-sight streaming occurs on even larger
scales (upto 5 kpc). In the two upper slices, all components contribute on
nearly similar physical scales, larger than that in the midplane at around 5
kpc.
Essentially, we find that most of the bulk motions are dominated by the radial
component, with streaming at the 8 km s−1 level in the midplane. Interestingly,
the the azimuthal component, ∆ Vφ does not exceed 6.6 km s
−1. This would mean
that any corrections to the rotational peculiar velocity of the Sun, V, should not
exceed this value. On the other hand, the radial peculiar velocity U might need
to be adjusted, given the large amplitude of 8 km s−1.
5.4.2 Comparison with phase-mixing simulation
Since most of the bulk motion seems to be due to the radial component (VR), it
makes sense to look at physical processes that are confined to the Galactic plane.
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In K19b, we had set up a test particle simulation of disrupting spiral arms in the
Galactic plane. In the simulation, the relaxation process, phase-mixing, produced
rich diagonal substructure in the (R, Vφ) plane, particularly when color-coded by
VR. Many of the features seen in Gaia DR2, were qualitatively reproduced in
this simulation. Hence, we will again make use of the same setup (described in
subsection 5.2.2) to explore the time evolution of streaming motion in the disc.
Since our setup does not include self-gravity, we focus here on only three compo-
nents: Vφ, VR, and Vlos. Also, all our particles are confined to the midplane, so
essentially we are comparing to the |z/[kpc]| < 0.25 slice from observed data. We
arbitrarily select two snapshots, at τ = 230 Myr and at τ = 487 Myr. Essentially,
this is done to compare the results from Gaia DR2 to an early snapshot, and a
snapshot at later times, when the system is more relaxed.
Following the method described in subsection 5.3.1, we construct velocity
residual maps for the selected snapshots, shown in Figure 5.6. For comparison,
Figure 5.6(a-c) reproduces the residual maps for the Gaia DR2 RVS dataset in
the midplane region. The first snapshot shown in Figure 5.6(d-f) is at earlier
times (230 Myr), i.e., when then system is highly perturbed due to the disrupting
arms. Here, the velocity residuals have a very high amplitude, far exceeding 20
km s−1. It is clear that the residuals are strongest in VR, as was the case in the
Gaia DR2 RVS maps. At later times (494 Myr), as the system is more phase-
mixed and relaxed, the streaming motions are also visibly smaller in the maps in
Figure 5.6(g-i). In particular, the diagonal features in the residuals and amplitude
here seems comparable to the Gaia DR2 RVS map in Figure 5.6(a-c). This is by
no means a one-to-one comparison between data and simulation, and our purpose
here is just to highlight that the phase-mixing scenario in our simulation could
well be well be responsible for bulk streaming motion seen in the Galaxy.
We also construct the corresponding power spectra of the velocity residuals
for our simulation. This is shown in Figure 5.7. In panel (a) is the reproduced
spectrum for the Gaia DR2 RVS |z/[kpc]| < 0.25 slice. Panel (b) shows the power
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spectra for the snapshot at τ = 230 Myr. The high streaming motion seen in
Figure 5.6(d-f) can now be quantified, and we see that the peak amplitude in
the VR component is nearly 30 km s
−1. In comparison, at τ = 487 Myr, the
amplitudes in all three components, have now diminished, with ∆ VR∼10 km
s−1. However, at all times, the VR contribution is always dominant. Interestingly,
the amplitudes of all the components in this snapshot are down to similar levels
as that observed for Gaia DR2 RVS, however, again, this is just a coincidence,
and the more meaningful comparison is that between the early and the later
snapshots.
In particular, we note that the peaks of the power spectra, shift to the right
i.e., towards larger k, between τ = 230 Myr and τ = 487 Myr. This implies
that as the system relaxes over time, the physical scale (1/k) over which the
streaming occurs also shrinks in size. In this case, the scale decreases from about
3 kpc to 1.5 kpc by τ = 487 Myr. This is further illustrated in Figure 5.8,
where we show the time evolution of power spectrum peaks and the physical
scales in the three components: Vφ, VR, and Vlos, for the entire simulation. In
all components, both the peak physical scale and amplitude decreases with time.
Though it is beyond the scope of this paper, we suggest that looking for such
trends in detailed simulations of the Milky Way dynamics may put constraints
on timescales of perturbations, for example by matching the current amplitudes
and peak locations to that in a simulation.
5.5 Summary
In this Chapter, we have used Gaia DR2 astrometry & radial velocities, and the
STARHORSE distance catalogue to quantify bulk or streaming motion in the
Galactic disc out to 3.5 kpc from the Sun. Using the rotational curve of the
Galaxy as an axisymmetric model, we produced maps of residual velocity in the
four Galactocentric components (Vφ, VR, Vz, Vlos), for three vertical slices between
|z| < 1.25 kpc. We construct power spectra for each component, and quantify
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Figure 5.8: Time evolution of power spectra in the phase-mixing simulation.
Panel (a) shows the power amplitude, while panel (b) shows the corresponding
physical scale of the peaks, as a function of time in Myr. Bin size is about 50
Myr. Both the amplitude and the scale decrease with time, i.e., as the system
relaxes, the streaming motion occurs on smaller scales with smaller amplitude.
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streaming motion as the peak of the spectrum. We find that the maximum
streaming occurs in the slices close to the midplane and in particular, for |z| <
0.25 kpc, we obtain peaks at ∆ Vφ=4.4, ∆VR=7.6, ∆Vz=3.2, ∆Vlos=4.0)/[km s
−1].
While the planar components (Vφ and VR) peak on scales between 2-3 kpc, the Vz
component shows streaming on much larger scales of around 5 kpc. We note the
agreement with K19a, where we had estimated the power amplitude in only the
line-of-sight velocity field for red clump stars from the GALAH and APOGEE
surveys. Taking into account sparse data coverage and distance uncertainty due
to intrinsic variation in the red clump, we had estimated ∆ Vlos∼4.6 km s−1, with
the peak on scales of 3 kpc. Now with a more complete sample thanks to Gaia
DR2, we confirm that streaming in the Vlos field is between 4 - 6 km s
−1, and
specifically at ∆ Vφ=4.4 in the midplane.
We suggest that the high residual amplitudes for the planar components (Vφ
and VR), makes a case for revising upwards the LSR radial and azimuthal com-
ponents (U, V). Though, we note that the correction to V is nearly half that
suggested by B15 (4.4 using the midplane slice, or maximum of 6.6 if we con-
sider the intermediate slice at 0.25 < |z/[kpc]| < 0.75). In their recent work,
Barros et al. (2019) carried out simulations of spiral arm resonances in order to
understand the kinematic structures seen in the Solar Neighbourhood (SN). They
match moving groups (such as Coma Berenices, Pleiades etc.) seen in the SN U -V
plane in Gaia DR2 to their simulations. Interestingly, they note that the simu-
lated U -V plane best matches data, when they assume V ≈ 18.5 km s−1. This
would imply a correction of about 6.3 km s−1 to the value from Scho¨nrich et al.
(2010), and is similar to our corrections for the midplane and the intermediate
|z| slices.
We also find that in all three slices, the streaming amplitude is maximum in
the VR component. As an illustration of a mechanism responsible for streaming
motion, we compare our findings with a simulation of disrupting spiral arms in the
Galactic disc. We had previously shown in K19b, that this simulation was able to
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reproduce qualitatively the peculiar kinematic features seen in the (R, Vφ) space
in Gaia DR2. Restricting to just the midplane |z| < 0.25, we find that such a
mechanism could also produce residual velocity maps similar to those for observed
data. In particular, the amplitude of the planar residuals is very high (≈ 30 km
s−1) when the system is far from relaxed i.e., at early times in the simulation.
Gradually, as the system phase-mixes, the power spectrum peaks drop down to
the sub 10 km s−1 level over a period of 250 Myr. We also note, that the location
of the peaks shifts to smaller physical scales as the system relaxes. Though, our
setup here is by no means a one-to-one match for the Milky Way, the results here
suggest that matching the power amplitudes and scales between data and more
involved simulations could put better constraints on perturbation timescales.
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Chapter 6
Conclusions and Future Work
In this final chapter, I will first summarise the results presented in this thesis,
and then list a few ideas that I would like to pursue as an extension.
6.1 Summary
6.1.1 Velocity fluctuations in the Milky Way
Even before the era of Gaia DR2, it was well known that the Milky Way disc shows
fluctuations in it’s stellar kinematics (e.g., wobbly Galaxy : Williams et al., 2013).
While kinematic maps (VR, Vφ Vz) showed signatures of bending and breathing
modes, systematic errors in proper motion and distances made it hard to quantify
such fluctuations (Carrillo et al., 2018). In Khanna et al. (2019a), we used red
clump giants as distance tracers, and quantified the line-of-sight (Vlos) fluctuations
in the Galactic disc out to 5 kpc from the Sun. We combined data from the
APOGEE and GALAH surveys which offer radial velocities down to uncertainties
of 0.1 km s−1. We forward modelled the Vlos from an axisymmetric model flexible
in choice of parameters such as the circular velocity profile and dispersion scale
length. We constructed a power spectrum of the Vlos residuals, and showed that
after taking into account systematics such as volume completeness there was
evidence of streaming motion at the level of 6 km s−1 on physical scales of 3 kpc.
147
Furthermore, we compared our findings with mock data generated with the
galaxia code (Sharma et al., 2011), simulating the Milky Way with exact survey
selection functions. We found that widely used spectroscopic selection schemes
for red clump giants are likely contaminated by high-mass giants such that the
standard candle approximation is no longer valid for the entire selection. Conse-
quently, distances to the high-mass population is underestimated and this con-
taminates the kinematics of the nearby disc stars (< 3 kpc). After taking this
effect into account we estimated that the amplitude of fluctuations in Vlos should
be close to 4.6 km s−1 on scales of 3 kpc.
A significant non-zero fluctuation amplitude is also important in the con-
text of the local standard of rest (LSR), (U, V,W ) = (11.1, 12.24, 7.25) km s−1
(Scho¨nrich et al., 2010). There have been suggestions that the LSR itself could
be streaming at about 12 km s−1 (Bovy et al., 2015). Our results did not support
this hypothesis.
However, now with access to Gaia DR2, in chapter 5, we have revisited the
amplitude of velocity fluctuations in the Galactic disc. In chapter 5 (Khanna et
al. 2019c, in prep), we make use of highly precise proper motion, and parallaxes
from Gaia DR2, and study deviations from axisymmetric models directly from
the data. We confirm our findings from Khanna et al. (2019a), in that the am-
plitude of fluctuations in the line-of-sight motion is around the 5 km s−1 mark
for the midplane. Rather interestingly, we find that the VR streaming motion is
significant at around 7.6 km s−1, and suggest that U be revised, i.e., the radial
peculiar motion of the Sun with respect to the LSR needs to account for this
extra streaming motion. However, we also find that streaming in the azimuthal
direction is only around 4.4 km s−1, and so this would strongly dispute the find-
ings by Bovy et al. (2015), who suggested revising V by 12 km s−1.
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6.1.2 Linking ridges, arches and vertical waves in the kine-
matics of the Milky Way
In Khanna et al. (2019b), we explored the origin of substructure revealed by Gaia
DR2, in particular, the ridges seen in (R, Vφ) space, and arches in (VR, Vφ) space
(Antoja et al., 2018; Ramos et al., 2018). We showed that ridges are also present
in (R, Vφ) space, when mapped by 〈z〉, 〈Vz〉, 〈VR〉, 〈[Fe/H]〉 and 〈[α/Fe]〉. The
dissection in density, vertical height, kinematics and chemistry showed that the
ridges seem to be more prominent in stars that are close to the plane, and, are
metal rich and alpha-poor. This suggests that the source of the perturbation is
also most likely in the plane. Furthermore, the presence of ridges in 〈z〉, 〈Vz〉,
for these stars close to the plane also hints at a coupling between planar and
vertical oscillations. We also find that Vz rises monotonically with orbital energy,
which has been suggested to be a signal of the Galactic warp (e.g., Scho¨nrich &
Dehnen, 2018; Huang et al., 2018). We find that some of the ridges trace curves
of constant angular momentum, and these have been linked to the resonances
of the Galactic bar (see e.g., Monari et al., 2019; Trick et al., 2018). However,
other ridges seem to be present only as curves of constant energy. So it seems
the complex patterns are a likely a combination of resonances and phase-mixing
in the Galactic disc. To explore this further, we carried out two independent set
of simulations.
1) The first set used galpy (Bovy, 2015) to simulate spiral arms that phase-mix
and disrupt over time. The motivation here was to mimic transient spiral arms
which have been shown to qualitatively reproduce features such as the Hercules
stream and (R, Vφ) ridges in density space (Hunt et al., 2018b). Our simula-
tions show that as the spiral arms decay, (R, Vφ) ridges appear, both, in maps
of density as well as 〈VR〉. The appearance of ridges is a consequence of Liou-
ville’s theorem, which states that the full phase-space density (or volume) of a
system evolving in a fixed potential is conserved. In our simulation, the phase
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space is made of (X, Y, VX , VY ). Initially the density in the (X, Y ) space is high
while that in (VR, Vφ) space is low. As the spiral pattern disperses, the density
in the (X, Y ) plane reduces, but to conserve the phase-space density, the density
should increase in other dimensions. Additionally, the ridges also separate out
neatly as surfaces of constant energy. This is because the conserved quantity for
a phase-mixing process is angular frequency which in turn is closely related to
orbital energy.
2) We also used N-body simulations which were run using the dice code
(Perret et al., 2014) and Ramses (version 3.0 of the code described by Teyssier,
2002). Specifically, we simulated two scenarios: a) an isolated disc in order to
study evolution of instabilities generated internally, b) disc with tidal interaction
due to a satellite infall such as Sagittarius dwarf, for an intermediate mass (5×
1010M) and a heavy mass (1011M) case. For the isolated disc scenario, we
find that internal instabilities give rise to spiral arms that decay over time by
wrapping. Again, due to Liouville’s theorem, the change in spatial density is
reflected as ridges in (R, Vφ) density map. Interestingly, we also observe ridges
in the 〈Vz〉 (R, Vφ) and 〈VR〉 (R, Vφ) maps. This suggests, that the ridges seen
in Gaia DR2 could be due to transient spiral arms and thus due to internal
processes. Moreover, there is also hint of a long-lived warp in the disc. Since the
coupling between radial and vertical motion seen in the simulation is comparable
to data, it forces us to reconsider the connection between spiral waves, warp and
corrugation waves in isolated discs (e.g., Masset & Tagger, 1997).
We also observe ridges in the the tidal interaction scenarios, however, the
amplitude of vertical oscillations for the heavy mass perturber is upto 3 times
that observed in data. The intermediate mass perturber, however, does match
well with data, both in the ridges as well as arches.
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6.2 Future Work
6.2.1 Warp
In Khanna et al. (2019b), we saw that both isolated and interacting discs were
able to produce warp like features in the outer disc. If the Sun is near the line
of nodes (transition point between rising and decreasing h(Z), then the larger
angular momentum stars will have a constant decrease in h(Z) corresponding to
a constant rise in V(z). If we could sample all the stars in the disc, we could
have a phi variation and this should show a sine pattern. Unfortunately, such
a dataset will have to wait for some time due to lack of distances and radial
velocities. However, we can still look for such patterns in N-body simulations. An
example of an interacting galaxy is shown in Figure 6.1. Here, panel (d) shows
the xy distribution color coded by vertical velocity 〈Vz〉, while panel (e), shows
the same but coded by height away from the plane |z|, and panel (f) shows the
logarithmic density . In this snapshot there is a phase-shift between the median
velocity and the position, which is characteristic of a warp. In the bottom panel,
I have included the azimuthally averaged 〈Vz〉 and |z|, tracing the warp wave
around the mock galaxy. By looking at the time evolution of such a pattern, we
could quantify the lifetime of warps in numerical simulations. One could extend
this to Cosmological zoom simulations such as Illustris-TNG.
6.2.2 Spirality - transient or not?
Finally, it will also be useful to develop methods on the observational side, to de-
termine the nature of spiral arms in the Milky Way. An idea that was described
by Dobbs et al. (2010), is to use the ages of stellar clusters as a test of the un-
derlying dynamics. The ages of clusters should increase with distance away from
the spiral arm (in the leading direction) for a constant pattern speed. Likewise a
similar pattern would be expected for a bar.
However, for the case of dynamic spiral arms, local instabilities will stem the
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Figure 6.1: Snapshot of a warp-like feature in an N-body simulation of a Galaxy
interacting with a low mass perturber. Panels (d-f) show the xy distribution color
coded by 〈Vz〉 (d), |z| (e), and logarithmic density (f), respectively. The bottom
panel shows the phase-shift between |z|, and 〈Vz〉 wave. The time evolution of
this phase-shift could quantify lifetime of warps in numerical simulations. Panels
(a-c) show the ridge-like features due to phase-mixing.
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flow of material through the spiral arms. Hence there is no expected age pattern.
Instead, stars of similar ages will lie along a spiral arm. Numerical simulations
of multiarmed galaxies by Wada et al. (2011); Grand et al. (2012), indeed find
that in the case of dynamic arms, there is no clear age pattern. Perhaps, we can
start by looking at stellar age spreads in Giant molecular clouds. Upcoming age
catalogues from the leading surveys will prove to be a useful discriminant of the
nature of the spiral arms.
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Appendix A
Appendix Title
A.1 Phase-Space transformation equations
For our main analysis we fit a model for the mean Vφ,GC to the Vlos data. For
this we require the following transformation from Galactocentric to heliocentric
coordinates:
(l, z, R, Vφ, Vz, VR)GC → (l, b, d, Vl, Vb, Vlos)HC. (A.1)
This is achieved in the sequence,
• (x, y, z)GC = lzR2xyz (l, z, R)GC,
• (Vx, Vy, Vz)GC = VlzR2xyz (Vφ, Vz, VR)GC,
• (Vx, Vy, Vz)HC = (Vx, Vy, Vz)GC − (U,Θ,W ),
• (x, y, z)HC = (x, y, z)GC − (x, y, z),
• (Vl, Vb, Vlos)HC = Vxyz2lbr(x, y, z, Vx, Vy, Vz)HC,
where following Scho¨nrich et al. (2010) we adopt (U,W ) = (11.1, 7.25) km s−1,
and the azimuthal component Θ = 242.0 km s−1 for data (239.08 for galaxia).
The Θ for data is estimated as ΩR, with R = 8 kpc and Ω = 30.24 km
s−1kpc−1 as set by the proper motion of Sgr A* (Reid & Brunthaler, 2004). The
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Table A.1: Coordinate Transformation matrices.
lzR2xyz VlzR2xyz Vxyz2lbr
x
y
z

=

Rcos(l)
Rsin(l)
z

;

Vx
Vy
Vz

=
[
Vφ Vz VR
]

−sin(l) cos(l) 0
0 0 1
cos(l) sin(l) 0

;

Vl
Vb
Vr

=
[
Vx Vy Vz
]

−y/rc −zx/rc x
−x/rc −zy/rc y
0 rc z

rc =
√
x2 + y2, Vr = Vlos
transformation matrices (in bold) are defined in Table A.1.
On the other hand, to obtain the ‘true’ rotation profiles, we first convert the
longitudinal and latitudinal proper motions to heliocentric velocities:
Vl = µl × d× 4.74× 103 (A.2)
Vb = µb × d× 4.74× 103 (A.3)
and then combined with Vlos use the sequence above in reverse order to obtain
Vφ.
A.2 Gaia SQL query
Select * from gaiadr2.gaia_source G
where G.parallax IS NOT Null
AND G.parallax_error/G.parallax < 0.2
AND G.parallax > 0.\
where G.radial_velocity IS NOT Null
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